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ABSTRACT 
Ph.D. William Spencer Microbiology and Irnmunology 
Cau/obacter crescentus provides an accessible system for investigating the 
regulation of chromosome replication and cellular development. The Cau/obacter 
cell cycle produces a free-swirnming swarmer cell and a sessile stalk cell. In 
swarmer cells, chromosome replication is selectively repressed while stalk cells 
are cornmitted to chromosome replication. 
In Cau/obacter, chromosome replication is repressed, in part, by the 
binding of the response regulator CtrA to five binding sites (a-e) within the 
Cau/obacter origin of replication (Cori). Periodic phosphorylation of CtrA 
stimulates binding to the consensus sequence TTAA-N7-TTAA (N= any 
nucleotide) found in Cori and many cell-cycle regulated genes. This thesis 
presents an altemate mode of CtrA binding, namely, that phosphorylation does 
not stimulate binding to a specific class of CtrA-regulated promoters. This work 
shows that CtrA and CtrA-phosphate bind to two ctrA promoters with equal and 
weak affinity. As weIl, in vivo binding assays reveal that a non-proteolyzable 
CtrA allele (CtrAô3) can occupy the ctrA promoters continuously without altering 
the temporal regulation of these promoters. The data suggest phosphorylation, 
while not increasing affinity for weak CtrA binding sites, provides allosteric 
signaIs that permit the recruitment of components required for transcription. 
The proposed allosteric mechanism of CtrA-regulated transcription may 
also be important for CtrA-mediated repression of chromosome replication. 
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Chromatin Immunoprecipitation assays (ChIP) allow for the sensitive detection of 
specifie proteinIDNA complexes in vivo. ChIP reveals that CtrA binds to Cori in 
swarmers but not in stalk cells when chromosome replication commences. The 
protein chaperone, ClpX, was recruited to Cori prior to the start of S-phase and 
correlates with the loss of CtrA binding to Cori. Expression of a non-
proteolyzable CtrA~3 alIele showed increased affinity for Cori DNA. The 
increase in CtrA~3 binding stimulated a corresponding increase in ClpX binding 
to Cori. This evidence suggests that ClpX recruitment to Cori is likely CtrA-
dependant. The absence of CtrA binding in stalk celIs suggests other mechanisms 
may be required to prevent re-replication in stalk ceUs. 
An analysis ofthe Caulobacter genome identifies two DnaA-like genes. The 
first, cdl-l, is a homolog of the E. coli hda gene, a protein essential for regulated 
inactivation ofDnaA (RIDA). The second, cdl-2, is a novel gene restricted to the 
alpha-proteobacteria group and whose function is unknown. Overexpression of 
either gene in Caulobacter produced filamentous ceUs that could not divide. DNA 
synthesis in these cells is also impaired and suggests the intracelIular 
concentrations of these two proteins are important for coordinating proper celI 
cycle progression. 
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RÉSUMÉ 
Ph.D. William Spencer Microbiology and Immunology 
Cau/obacter crescentus procure un système accessible pour étudier la régulation 
de la réplication de chromosomes et du développement cellulaire. Le cycle 
cellulaire du Cau/obacter produit une cellule de swarmer mobile et une cellule de 
stalk immobile. Dans les cellules de swarmer, la réplication de chromosomes va 
arrêter sélectivement son développement tandis que les cellules de stalk se 
consacrent entièrement à la réplication de chromosomes. 
Dans le Cau/obacter, la réplication de chromosomes est réprimée, en 
partie, par le lien de réponse du régulateur CtrA à cinq liens (a-e) a l'intérieur du 
Cau/obacter de la réplication d'origine (Cori). La phosphorylation périodique de 
CtrA stimule le consensus du lien TTAA-N7-TTAA (N= tous types de 
nucléotides) trouvé dans Cori et plusieurs gènes régulés du cycle cellulaire. Cette 
thèse présente un deuxième model de liens du CtrA, c'est a dire, que la 
phosphorylation ne stimule pas le lien à une classe spécifique des promoters 
réguler du CtrA. Ce travail démontre que le CtrA et le phosphate CtrA se lient à 
deux promotors ctrA avec une faible et égale ressemblance. De plus, Les 
expériences in vivo de liens révèle que les allèles non dégradables de CtrA 
(CtrA~3) peuvent lier les promotors ctrA sans interruption de la régulation 
temporelle de ces promotors. Les données suggèrent que la phosphorylation, tout 
en n'augmentant pas la ressemblance pour les faibles sites de liens du CtrA, 
v 
peuvent fournir les signaux allostériques pour l'association des composantes qui 
sont exigées lors de la transcription. 
Le mécanisme allostérique proposé de la transcription régulé du CtrA peut 
également être important pour bloquer la réplication de chromosomes du CtrA. 
Les expériences d'immunoprecipitation de Chromatine (ChIP) tiennent compte de 
la détection très précise des complexes spécifiques de protéines d'ADN in vivo. 
Le ChIP indique que le CtrA se lie à Cori dans les swarmers mais pas dans les 
cellules de stalk quand la réplication des chromosomes débute. La protéine qui 
assiste le ClpX se recrutait à Cori avant le début de la phase S et corrobore la 
perte du CtrA se liant à Cori. L'expression de la non dégradation de l'allèle 
CtrA~3 montre des accroissements pour l' ADN de Cori. L'augmentation des 
liens de CtrM3 ont stimulé une augmentation correspondante des liens ClpX à 
Cori. Cette évidence suggère que le recrutement de ClpX à Cori est 
probablement dépendant du CtrA. L'absence des liens CtrA dans les cellules de 
stalk suggère que d'autres mécanismes puissent être exigés pour prévenir la sur 
réplication des cellules de stalk. 
Une analyse du génome de Caulobacter identifie deux gènes de DnaA 
semblable. Le premier, le cdl-l, est un homologue du gène de E. coli hda. C'est 
une protéine essentielle qui empêche l'activité de l'initiateur de protéine DnaA. 
La seconde, le cdl-2, est un nouveau gène restreint au groupe d'alpha 
proteobacteria et dont le fonctionnement est inconnu. La surabondance de l'un ou 
l'autre des gènes du Caulobacter produit des cellules filamenteuses qui ne 
peuvent pas se diviser. L'ADN de synthèse dans ces cellules est également altéré 
VI 
et suggère que les concentrations intracellulaires de ces deux protéines sont 
importantes pour coordonner la progression appropriée du cycle cellulaire. 
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CHAPTER 1: Review of the Literature 
Introduction 
The original replicon model of Jacob, Brenner, and Cuzin proposed that replication is 
controlled from a specific location, the "replicator", and that it is recognized by a specific 
positive regulatory protein, the "initiator" (l). In current terms, the model suggests that 
specific DNA sequences permit the entry of the replication machinery and that special 
proteins (in addition to DNA polymerases) are required for regulated DNA replication. 
While the mechanisms ofDNA replication are still incomplete, the growing list of 
replication proteins characterized continues to support the essential replicon model in 
both eukaryotes and prokaryotes. Of growing interest is a family of ATPases, found in 
all three kingdoms ofbiology, that play an intimate role in controlling the events ofDNA 
replication (2). This family of ATPases is designated AAA+, or ATPases Associated 
with various cellular Activities, an important subject not only in this thesis but for future 
research in the replication field. The original replicon model also stressed the 
importance of positive acting replication proteins that promote DNA replication. We 
now know that negative acting proteins are also important to prevent extra replication, 
and this is a major theme of this thesis. 
This literature review is broken into four major parts. The fust part presents the major 
advancements in our understanding of DNA replication in the best studied systems of 
bacteria and yeast and it compares and contrast their mechanisms. The second part 
focuses the negative mechanisms that restrict chromosome replication to once per cell-
cycle. This part reveals that regulation of E. coli replication occurs through a negative 
feedback mechanism on the initiator (DnaA). In contrast to E. coli. yeast temporally 
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segregates the licensing of replication and the initiation event that uses the license. This 
contrast reveals a major regulatory dichotomy between prokaryotes and eukaryotes. The 
third part introduces chaperones and how they function to control DNA replication in a 
variety of systems including phages and plasmids. This part also draws inferences on how 
chaperones might play a role in bacterial chromosome replication. The review ends with 
an analysis of Cau/obacter crescentus to help us uncover the fundamental nature of this 
organism to answer important questions underlying the natural history ofDNA 
replication initiation and its role within the larger context of cell cycle regulation. This 
review prepares for the remaining chapters where 1 present experlments designed to 
increase our understanding of negative regulators of chromosome replication in the 
dimorphic bacterium Cau/obacter crescentus. 
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1. Current Models of Chromosome Replication 
1.1 E. coli Replication 
For E. coli and most prokaryotic organisms studied, repli cation initiation occurs at a 
unique location within a single circular chromosome. In E. coli, this region is referred to 
as oriC and disruptions of this region can typically he rescued by the integration of a 
replicating phage or plasmid origin. The cloned E. coli origin also supports autonomous 
replication of plasmids lacking functional origins. This property of the origin indicates 
that the minimal origin sequence contains aIl the elements necessary to permit 
replication. It should also he noted that DNA replication and cell viability are closely 
linked because cells that fail to replicate, even though the genes responsible for growth 
and development are intact, quickly lose viability. Although the detailed reasons for this 
are not known, the loss of viability suggests that faithful completion of chromosome 
replication is an important checkpoint for cell cycle progression. 
The minimal sequence requirement for oriC is a 245 bp DNA fragment (3) capable of 
supporting autonomous plasmid replication. oriC contains a numher of important 
elements for the binding of replication proteins (Figure 1) that are conserved among the 
enteric bacteria (4). The most conspicuous elements are the five binding sites (RI-R4, 
M) for the initiator protein DnaA (5), arranged as 9-mers having the consensus 
TT A TNCACA (discussed helow). The leftward region of oriC has three 13-mer direct 
repeats (L, M, and R) that are rich in AT residues (6). During the initiation of replication, 
DnaA contacts the 13-mers and separates the DNA strands tirst at R followed by M and L 
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(7). Additional conspicuous elements of oriC are the GATe sequences which are targets 
for Dam (DNA adenine methyltransferase). Methylation of these Dam sites is important 
for restricting the timing of replication. E. coli dam- strains are viable, however unlike 
WT cells, dam- cells have asynchronous chromosome replication (8,9). It has been 
demonstrated that hemimethylated origins (where only the parental strands are 
methylated) are sequestered to the membrane and provide an important temporal 
mechanism for replication (10,11). oriC also contains binding sites for the histone-like 
proteins that play an important role in the assembly of the pre-replication complex (12). 
Three proteins have been characterized at orie, namely Hu and IHF which promote 
assembly of the pre-replication complex (13,14) and Fis, an antagonist ofDNA 
replication (15). The primary function ofthese proteins may he through the introduction 
of specifie bends in the DNA helix that promote communication between distal sites 
within orie. While histone-like proteins are not essential when mutated individually, 
double mutants do not support autonomous plasmid replication (16). The minimal orie 
is also tlanked by two promoters, mioC and gidA., and transcription from these promoters 
is a necessary component in stimulating replication. The proposed explanation is that 
RNA polymerase, as it unwinds the template DNA for transcription, also provides 
important topological changes in the vicinity of oriC which presumably assist DnaA in 
melting this region (17). 
1.1.1 From Initiation to Elongation 
The mechanism of replication initiation has largely heen uncovered by in vitro studies 
with orie plasmids in reconstituted replication reactions using purified proteins (17). 
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The initial stages ofDNA replication require three members of the AAA+ family, namely 
DnaA, DnaB, and DnaC (Figure 2). The primary step in replication is the binding of 
DnaA to the origin. DnaA is an essential gene in most organisms studied. However, 
under certain genetic conditions loss of the initiator function (DnaA - see below) is 
tolerated in the presence of specifie RNase H suppressor mutation (18,19) and replication 
initiation is permitted. In this instance, deficiencies in RNaseH lead to single stranded 
DNA at sites of rnRNA transcription which act as surrogate targets for the DNA 
replication apparatus. However, under these conditions, DNA replication is no longer cell 
cycle regulated and cell growth is dramatically impaired, further proof that proper 
coordination of DNA replication is an essential function in growing cells. The 
stoichiometry of DnaA in the pre-priming complex is approximately 10 molecules of 
DnaA (20). During the melting process this number increases to approximately 20 (5). 
The form ofDnaA is also important. DnaA is found in both DnaA-ATP and DnaA-ADP 
forms and only the ATP-bound form ofDnaA is able to promote replication initiation 
(21,22). While DnaA-ADP recognizes all five binding sites within oriC, only the binding 
of DnaA-ATP leads to productive melting of the AT-rich region (23). Direct evidence 
for DnaA binding to the E. coli oriC has been demonstrated by both filter binding assays 
(24) and DNase 1 footprint assays (23). Efficient unwinding of the duplex by DnaA-ATP 
also requires negative supercoiled DNA and the activities of the histone-like proteins HU 
or IHF (23.25). 
The emergence of single stranded DNA during origin unwinding promotes the transfer of 
the helicase DnaB by DnaC (21,26). However, DnaB bas relatively low affinity for DNA 
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and requîres the activity of both DnaC, as a transporter for loading, and DnaA for 
stabilizing DnaB at the origin (26-28). DnaB and DnaC both fonu hexameric ring 
structures, a typical feature of AAA + members, and this structure is essential for the 
catalytic activity of the individual subunits. Like many processes in DNA replication, 
DnaC activity requires ATP (27,29-31) and its ATPase activity is required for the release 
of DnaB (27,32). The ratio ofDnaC to DnaB is also important, since excess DnaC exerts 
a toxic effect by inhibiting DnaB activity (32). oriC recruits two DnaB hexamers and the 
additional recruitment of DnaA during the pre-priming step may restrict the loading of 
extra DnaB molecules (20). Once loaded, DnaB catalyzes further unwinding of the 
duplex and permits the loading of single stranded binding proteins (88B) which 
maintains the melted state of the DNA (33). The ATP-dependent topoisomerase, DNA 
gyrase, is also recruited to alleviate positive supercoils, a fonu of DNA tension, that 
blocks forward movement of the replication forks (34). 8ince replication fork movement 
is bidirectional both in vivo and in vitro, two DnaB complexes are required (33,35) 
Upon uwinding of oriC by DnaB, the primase complex DnaG is loaded and RNA primers 
are synthesized, providing a template for DNA Pol III holoenzyme elongation (33). It 
was alluded to earlier that negative super-coiled DNA is a requirement for E. coli 
replication. It is clear that chromosome replication is dependent on transcription by RNA 
polymerase and can directly assist DnaA in oriC unwinding (18). RNA polymerase also 
affects replication by altering template structure in vitro (25,34) and RNA polymerase 
may act similarly in vivo (36-38). 
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1.1.2 Elongation and DNA Synthesis 
The cross-over point from initiation to elongation is primarily mediated by the activity of 
the DnaB helicase as it coordinates the assembly of the other replication fork components 
(Figure 3). DnaB belongs to a family helicases that are involved in DNA replication, 
recombination, and repair. There are at least 14 helicases in the E. coli genome, each 
dedicated to a specialized function (39). However, DnaB is the major helicase 
responsible for chromosome replication (33,40). The polarity ofDnaB movement on 
DNA (5' -> 3') means that this helicase associates with only one strand, namely the 
lagging strand (41). DnaB has a unwinding rate of 700bp/sec (42). DnaB is also 
responsible for recruiting and activating primer synthesis by the DnaG primase. DnaG 
synthesizes ribonucleotide primers on SSB coated single stranded DNA (43). In general, 
specifie binding sites for DnaG are not required but rather DNA secondary structure 
stimulates DnaG binding. In addition, ATP binding but not hydrolysis is important for 
DnaB-dependent activation ofDnaG (44). While physical evidence for DnaBlDnaG 
interactions have not been demonstrated, evidence does suggest DnaB may provide 
important alterations in the DNA secondary structure required for DnaG recruitment to 
the lagging strand template (17). 
The next step in the transition to elongation is the positioning of the DNA polymerase III 
holoenzyme. This large, multi-subunit complex is comprised of two major 
subassemblies, the core polymerase and the accessory factors. As will he described later, 
these proteins also share many similarities with the eukaryotic replication enzymes. The 
core polymerase consists of three tightly bound subunits including the alpha subunit 
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(dnaE) which comprises the basic catalytic subunits (45), a 23-kd proofreading 
exonuclease (dnaQ) (46) and the theta subunit (holE) whose exact function is not clear 
but it may enhance epsilon proofreading activity (47). The core polymerase by itself can 
only synthesize short DNA strands, because it readily dissociates from template DNA. 
To increase its processivity, accessory proteins are recruited. The gamma and tau 
proteins are translational frameshift products of the dnaX open reading frame (48,49) and 
help to link DNA Pol III as a dimer (50,51). The gamma subunit also associates with 
other components, namely, delta, delta', chi, a psi (HolA, B, C, D) to form the clamp 
loader or "gamma complex." The gamma complex is a DNA-dependent ATPase that 
loads the beta subunit (DnaN) (52). X-ray crystallographic studies reveal that the beta 
subunit exists as a dimer, forming a closed ring around the duplex DNA (53). Therefore, 
the loading activity of the gamma complex would fIfst open then close the beta subunit 
ring onto duplex DNA. In this way the beta subunit has been referred to as a clamp 
because it provides the necessary "locking-mechanism" to hold the core polymerase on 
the DNA. This enhances the stability and the processivity of DNA polymerase allowing 
it to synthesize long DNA strands (54). More recent studies show that the beta subunit 
(DnaN) is required for negative regulation of chromosome replication (see below) and 
provides feedback signais to the initiator DnaA that the replication fork has been 
assembled. Part of this thesis describes proteins that may interact with the Caulobacter 
crescentus DnaN. 
The DnaN clamp loader mechanism has been well studied in E. coli. The delta subunit 
acts to open the beta-clamp dîmer and therefore functions like a 'wrench' (55,56). 
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Although delta is not an ATPase it derives its energy from conformational changes 
imposed by the gamma subunits within the gamma complex which exposes delta 
allowing it to interact with the beta subunit (57). The delta' subunit, May act as a rigid 
support structure that permits other components of the gamma complex to function 
(58,59). The final two subunits of the gamma complex are the psi and chi subunits. The 
chi subunit interacts with SSBs and it is important for the exchange of the primase, at the 
site of priming, with the clamp 10aderIDNA polymerase that permits DNA synthesis 
(60). The role of the psi subunit is not clear however it does interact with gamma and 
May form a tether between the gamma-complex and the chi subunit (61). The gamma 
complex essentially works in tandem with the beta-subunit (DnaN) to increase the 
processivity of the core polymerase (62,63). The steps of clamp loading are as follows; 
Prior to DNA synthesis the gamma complex facilitates the loading of the beta-subunit 
onto the double stranded template because the gamma-complex is a DNA-dependent 
ATPase that recognizes primed DNA (63). The ATPase activity of the gamma-complex 
is stimulated by the heta subunit directly and subsequently loads the heta subunits which 
form a dimer ring on the DNA template (54,62). 
Chromosome replication also requires topoisomerases. Shortly after the Watson and 
Crick DNA structure was proposed, it was argued that replication ofhelical DNA would 
impose topological constraints. making DNA replication impossible. To address this 
problem, topoisomerases (swivelases) were suggested as a biochemical activity that could 
in principle bypass this limitation. In E. coli, DNA gyrase is an essential component of 
chromosome replication, that relieves positive super coil tension created by the moving 
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replication fork (40,64). As DNA gyrase is a type II topoisomerase, it relieves tension by 
introducing double strand breaks. DNA gyrase also acts as a sensor and through an 
A TP-dependent process, relieves DNA tension by introducing negative supercoils in 
DNA(65). 
The DNA Polymerase III holoenzyme also needs other enzymes to complete DNA 
replication. These include DNA Polymerase 1 to remove the RNA primer and fill the 
remaining gap left by the vacated primer, and DNA Ligase, which covalently cross-links 
the DNA backbone after gap filling (64). 
During the elongation phase ofDNA synthesis, replication sub-assemblies are brought 
together and the fork begins moving out from the origin of replication. Dna8, primase 
and the Pol III holoenzyme work together as a unit with the beta-subunit and DNA Pol III 
tightly bound to the DNA. In this framework, DnaB, primase, and the gamma complex 
act distributively, that is they have the ability to associate and dissociate from the 
replication fork (42). However, a number of complexities exist in terms of lagging-strand 
synthesis and DNA Pol III remains bound to the replication fork even though it must 
dissociate from the lagging-strand template after each round of primer extension 
suggesting it is the protein-protein contacts that ensure the lagging strand polymerase 
remains associated with the moving replication fork (66). A typical round of Okazaki 
fragment synthesis consists of the recruitment of the primase to the replication fork 
followed by synthesis of the primer on the lagging strand. An interaction between 
primase and the polymerase holoenzyme is assumed because DNA Pol III influences the 
primer length specified by primase (42,67,68). The interaction between primase and 
polymerase suggests that the holoenzyme signais for the release of primase (66). In this 
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manner the distributive activities of the gamma-complex and the heta-subunit can rapidly 
direct the lagging strand polymerase from the previous Okazaki fragment to the newly 
synthesized primer. In contrast, leading strand synthesis need only he primed once at the 
replication origin. 
1.1.3 Termination of DNA Replication 
Termination, occurs in a region approximately 1800 from oriC and it is preceded by 
flanking zones that impede repli cation fork movement. These termination zones contain 
ten ter sites (TerA-TerJ), highly conserved 23bp consensus sequences, whose 
arrangement ensures that replication forles can pause inside the termination zones and 
thereby synchronize their arrivai very close to 1800 from oriC (69,70). The termination 
utilization substance (Tus) binds ail ten ter sites in the E. coli termination zone (71). 
The mechanism oftermination involves the dissociation of the DnaB helicase by DNA-
bound Tus (72,73). DnaB dissociation depends on the orientation ofDNA-bound Tus 
and the opposing alignment of ter binding sites ensures that the movement of both the 
leftward and rightward replication forles is stalled. The result is that each replication fork 
stalls in a termination zone and replication fork movements are coordinated to ensure 
complete duplication of the genome. How Tus unloads DnaB is not clear but current 
models suggest that Tus acts like a clamp to physically block advancing replication forks 
(74) or Tus imposes DNA secondary structure that destabilizes DnaB interactions with 
the replisome (75). It should he noted that mutants of Tus which do not disrupt DNA 
binding are fu1ly capable of preventing replication fork progression (75,76). 
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Immediately following tennination, the chromosomes are intertwined and must he 
unlinked (decatenation). This activity is carried out by Topoisomerase (Topo) IV which 
is recruited by the DnaX subunit of DNA polymerase III within the termination zone. 
Like DNA gyrase, Topo IV is a type two topoisomerase that promotes a double strand 
break to resolve the two chromosomes (77). Topo IV is also part of the larger 
mechanism of chromosome segregation and forms a functional complex with FtsK, a 
DNA translocase involved in the resolution of chromosome dimers at the septal ring (78). 
The close proximity of newly replicated chromosomes pro vides opportunity for site 
specifie recombination and the formation of chromosome dimers (79). Resolution of 
these dimers is achieved by the Xer recombination system (80). The Xer system is 
comprised oftwo site-specifie recombinases, XerC and XerD, including two target DNA 
sites, dif, found at the E. coli terminus where recombination takes place (80). Like Topo 
IV, XerC and XerD activity is dependent on the cell division protein FtsK (81). Taken 
together, FtsK demonstrates a central role in coordinating the terminal events of 
replication termination (decatenation), chromosome segregation, and recombination at 
the site of cell division. 
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1.2 Yeast Replication 
1.2.1 The Autonomous Replicating Sequences 
In eukaryotes, like we will see for Caulobacter, DNA replication is limited to once and 
only once per cell cycle. The eukaryotic cell cycle is conspicuously divided into G I-S-
G2-M phases where chromosome replication is limited to initiating only once per cell 
cycle. AIso, unlike E. coli and other bacteria, eukaryotic genomes carry numerous 
replication origins that have been equated in yeast with autonomous replicating 
sequences (ARS) (82). The following reviews are restricted to chromosome replication 
in the budding yeast Saccharomyces cerevisiae, because it is the best studied organism in 
the eukaryotic kingdom. 
Similar to prokaryotic origins, ARS elements in yeast house important consensus 
sequences which include a highly conserved AT -rich domain (A element) (83) that is 
essential for origin function (84). The A element is the primary binding site for the origin 
recognition complex (ORC), a multi-subunit protein complex that shares similar 
functional characteristics with the prokaryotic DnaA protein. ORC, like DnaA, belong to 
the AAA + family of proteins because all members of this family share a conserved 
structure of220 amino acids (85). Yeast origins (ARS elements) also contain auxiliary 
binding sites, or B elements, that facilitate ORC binding (86,87), DNA unwinding, and 
the binding of transcription factors (88). However, looking beyond the phylogenetic 
horizons of yeast, one rarely fmds sequence conservation as a detining feature among the 
origins ofhigher eukaryotes (origin flexibility). One hypothesis suggests epigenetic 
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control (i.e. chromatin dynamics), which considers the packaging of the chromosome as 
another level of regulation (89). However, the conservation of ORC proteins among aIl 
eukaryotes studied suggests they are a common denominator for regulating chromosome 
replication. While ORC always binds on or more A elements (a vague AT-ri ch 
sequence) there is a great diversity of B elements used by yeast ARS elements. This 
observation helps explain why it is difficult to identify origins by simply scanning the 
DNA sequence. 
1.2.2 Cell Cycle Model of Eukaryotic Replication 
There are approximately 400 origins per haploid yeast genome each with its own ARS 
element. Where tested, these regions are capable of supporting autonomous plasmid 
replication and, in principle, support the replicator model of replication (90). However, 
while all yeast origins of replication contain ARS elements, these origins are not 
uniformly utilized during a given round ofreplication (91,92). To ensure the precise 
duplication of chromosome DNA, replication origins are licensed by the loading of the 
MCM2-7 proteins (discussed below) during mitosis and G 1 (93). The license is 
subsequently utilized and turned off during S-phase and G2 to ensure that no extra rounds 
ofreplication are initiated (Figure 4). Eukaryotic licensing is distinct from chromosome 
replication in E. coli because licensing requires the input of positive signaIs white E. coli 
replication is under negative feedback control. This dichotomy of chromosome 
replication is important and underlies the major theme ofthis thesis: How do ceUs limit 
DNA replication to once per celI cycle? 
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1.2.3 Origin Recognition Complex (ORC) 
An analysis of the S. cerevisiae origin recognition complex (ScORC) reveals that 
coordination ofDNA replication is primarily concemed with controlling the activity of 
ScORC. ScORC is the principle initiation factor that recognizes and binds to the ARS 
element, possibly forming a six membered (ScORCl-6) protein ring around the DNA 
(94). In the general model, ORCs bind ARS DNA and recruit replication factors (95). 
As mentioned previously, ScORC recognizes and binds the A-element of the ARS and it 
is believed subunits ORClp, ORC2p, and Orc4p contact the DNA template (96). DNA 
recognition requires ATP binding to ORClp and ORC5p. The stability ofORClp-ATP 
complex is dependent on the availability of functional ORC DNA binding sites. This 
suggests ATP binding to Orc 1 p is dependent on a functional interaction between fully 
assembled ScORC its cognate DNA binding sites (97). Analysis of ScORCIDNA 
complexes in vivo reveals that ScORC occupies origin DNA continuously (98,99) and 
two types of ScORCIDNA complexes have been identified, a pre- and post-replicative 
form. Genomic foot printing of the post-replicative state suggests only ORC is bound to 
the origin DNA and is not sufficient to stimula te DNA replication on its own (100). At 
the end of mitosis and throughout G 1 the pre-replicative state is characterized by a region 
that extends and overlaps the ORC footprint demonstrating that at least two steps are 
required in the assembly of replication complexes at yeast origÎns (100). 
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1.2.4 Components of Replication Initiation 
ORC proteins are essential for chromosome replication as disruptions or mutations of 
ORC subunits are lethal because they reduce the efficiency of origin frring and lead to 
cell cycle arrest (101,102). The major interacting partner ofScORC is the ATPase 
ScCdc6 required for replication initiation but not elongation (103). The ATPase function 
of ScCdc6 is an essential requirement for DNA replication (104) and suggests that the 
ScCdc6 ATPase activity couples prote in conformational changes in ScORC to facilitate 
the binding of subsequent replication proteins (85). The N-terminal domain of ScCdc6 
contains a recognition motif for cyclin-dependent kinases (CDKs) (104,105). The next 
protein complex recruited to the origin are the MCM proteins which function as the 
replication helicase (106), similar to the role DnaB plays in E. coli (107). This complex 
of proteins is made up of six subunits (MCM2-7). Deletions in any MCM results in a 
10ss of cell viability (see review: (108)). In S. cerevisiae, MCM proteins are dynamically 
localized to the nucleus in Gland exported to the cytoplasm during S-phase (109). Once 
again, ATPase activity is a feature of this complex and is required for translocation along 
the DNA (110). A unique function ofMCM2 is to limit the helicase activity of the 
assembled MCM complex suggesting that it prevents unwanted helicase activity during 
the assembly phase ofreplication initiation (111). Together, ORC, Cdc6, and MCM 
constitute the pre-replication complex (pre-RC) and it is this complex which enters S-
phase and directs replication fork assembly. 
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1.2.5 Assembly of Initiation 
While the molecular mechanism of DNA replication in eukaryotes has not been c1early 
elucidated, an outline of the steps necessary for repli cation initiation has nonetheless 
begun to emerge. Clearly, ORC, Cdc6, MCMs and other accessory proteins (discussed 
below) have been identified at yeast replication origins and there appears to be an ordered 
interdependence among these proteins. For instance ScMCM proteins require ScORC 
and ScCdc6 for functional interaction with the replication origin (98,99). Once MCM 
has bound to the origin it is no longer dependent on ORC or Cdc6 and this suggests that 
the major function ofthese proteins is the recruitment of the MCM complex (112,113). 
One of the fIfst initiation factors to interact with the pre-RC is McmlO which stabilizes 
the MCM helicase by facilitating its phosphorylation by cyc1in dependent kinases 
(CDKs) (114) and this interaction is important for initiation (115,116). A second role for 
Mcml0 is the recruitment ofCdc45 (117,118). The stability ofCdc45 with the 
replication origin also depends on the association ofCdc6 and MCM proteins (98,119). 
Unlike the other components described, Cdc45 loading is CDK dependent during the G 1 
to S transition (119). The role of Cdc45 suggests it recruits DNA polymerase alpha to the 
initiation complex (119-121). The suggestion that Cdc45 associates with the moving 
replication fork (98,120) along with observations ofCdc45-MCM complexes in vitro 
(122) suggests that Cdc45 acts to tether the MCM helicase with DNA polymerase alpha. 
Therefore Cdc45 may act similarly to the tau protein which tethers DNA polymerase III 
with the DnaB helicase in E. coli (123). 
While eukaryotic DNA replication is inherently more complex than bacterial replication 
(because of the greater need to control the firing of multiple origins), the components that 
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make up the repli cation fork system are homologous. The first component isolated was 
proliferating cell nuclear antigen (PCNA), so named because its expression significantly 
increases in rapidly proliferating cells (124). PCNA is functionally analogous to the beta-
subunit in E. coli and therefore acts as the major clamp for DNA polymerase (125). The 
yeast clamp loader complex, RFC is a hetero-pentameric AAA+ famiIY that has similar 
structural and functionai characteristics to the E. coli gamma compIex. Like E. coli, the 
S. cerevisiae RFC complex has been shown to load DNA polymerase delta onto primed 
single stranded DNA in an ATP dependent process (126,127). The trimeric single 
stranded binding protein RP A (replication protein A) is also found at eukaryotic 
replication forks and provide a similar role in stabilizing single stranded DNA as SSB in 
E. coli (128). The DNA polymerases that participate in DNA replication are at least 
three, alpha, delta, and epsilon. Originally, Pol-alpha was considered to be the primary 
polymerase in eukaryotic DNA replication hecause it was the fust to he biochemically 
purified and both polymerase and primase activities often co-purified in vitro (129,130). 
Subsequently, DNA Pol-delta was confirmed as the primary replicative polymerase. Pol-
delta displays exonucIease proof-reading activity and high processivity when coupled 
with PCNA (131,132). The third replicative polymerase identified at the replication fork 
was DNA Pol-epsilon. While Pol-epsilon is also essential, it is not clear whether this 
polymerase contributes intrinsic replicative activity or provides structural support for 
components of the replication fork and suggests a role in chromatin remodeling or 
checkpoint control (133,134). It is currently helieved that DNA Pol-delta and Pol-
epsilon, in conjunction with PCNA, catalyze both leading and lagging strands synthesis at 
yeast replication forks. 
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1.2.6 Termination 
Very little infonnation is available regarding the tennination of eukaryotic DNA 
replication but the general notion is that tennination in yeast occurs randomly at sites of 
contact between converging replication forks (135,136). However a similar mechanism 
to the E. coli ter and Tus pathway has been identified in yeast. For instance, ongoing 
transcription of ribosomal RNA (rRNA) in S. cerevisiae directs replication forks towards 
the same direction as transcription. Subsequently, tennination ofDNA replication in this 
region occurs at replication fork barriers (RFB) found upstream of rDNA promoters 
(137,138). The characteristics ofthis system ensure that replication forks do not collide 
with RNA Polymerase 1. In fission yeast, mating type switching is regulated by 
imprinting at the RTS-l element, a region that is specifically bound by the replication 
termination factor rtflp (139). The bound rtflp-RTS-l complex blocks replication fork 
movement and stimulates recombination at the mating type locus (140,141). Therefore, 
replication tennination at this locus is required for genetic recombination, mating type 
switching, and subsequent cellular differentiation. 
1.3 Replication in Archaea 
While Archae bacteria, with their circular chromosomes and genetic operon organization, 
appear similar to E. coli and other eubacteria, they are evolutionarily distant because their 
replication, transcription, and protein synthesis genes are strikingly similar to those of 
eukaryotes. The replication origins of Archaea vary in length from 100 to 1000 bp (142) 
and in one study were found to be tlanked by the homologs of eukaryotic ORC/Cdc6 
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replication genes (143). Replication is believed to he bidirectional from a single origin, 
however multiples origins have been recently suggested for Methanocaldococcus 
jannaschii (144) and Halobacterium halobium (145) although it is not known whether 
these putative origins are utilized simultaneously during the same cell cycle. Homologs 
of aIl of the classical components of eukaryotic replication have been isolated such as 
ORC, Cdc6, and MCMs and components of the replication fork, PCNA, RPA, RFC, 
primase, and two DNA polymerases (PoIB, PoID) (see review (146). Therefore, 
Archaea apparently use a eukaryotic replication system within a bacterial chromosome 
context. 
2. Restricting chromosome replication to once per cell cycle 
The primary means of regulating DNA replication is to control replication initiation 
through the coordination of the ordered assembly of replication proteins. As expected, 
mechanism are available to control both the pre-replicative and post-replicative states of 
replication to ensure 1) that replication is limited to once per cell cycle and 2) that 
replication is coordinated with other cellular processes (e.g. cell division). Checkpoint 
controls are then utilized to coordinate cellular processes with chromosome replication. 
2.1 Controlling replication in E. coli 
While checkpoint controls remain to be elucidated, there bas been much progress in 
understanding the negative feedback mechanisms that restrict chromosome replication. 
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As described above in section 1.1.1, E. coli replication depends on DnaA to recognize, 
unwind, and prepare orie for replication. However, once replication has initiated the 
cells must ensure that the progeny of division only receive a single chromosome. 
Therefore extra rounds of replication must be prevented during each cell cycle. In E. coli 
, three mechanisms; sequestration, titration, and Regulated Inactivation of DnaA (RIDA) 
are responsible for preventing extra chromosome replication by directly controlling DnaA 
activity and/or its accessibility to orie (Figure 5). 
2.1.1 Sequestration of orie 
The E. coli orie is bound and repressed by a process termed "sequestration." 
Sequestration requires the SeqA protein and the Dam methyltransferase. Prior to 
replication, both strands of the chromosome are methylated at adenine residues found 
within the dam methylation sequence GATC (9,147,148). During replication, 
hemimethylated DNA is generated, because the newly synthesized DNA strands are not 
yet methylated. Re-methylation by Dam is rapid (> 1min) at most chromosome sites. 
However, at orie, which contains Il GATC methylation sequences, remethylation takes 
as much as a third of the cell cycle (-20 min) to complete (149). Hemimethylated 
origins are not competent for replication in vivo (150), although they are suitable 
substrates in vitro (151,152). The discrepancy is due to the activity ofSeqA (153,154) 
which recognizes and preferentially binds hemi-methylated DNA (155.156). SeqA has 
also been shown to sequester origins at the cytoplasmic membrane and suggests a direct 
mechanism for blocking the reassociation of DnaA with orie (11). This eclipse period, 
which lasts approximately 10 minutes in WT E. coli is significantly reduced (5 min) in 
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SeqA mutants (153). The reason for over initiation in seqA strains may be due to rapid 
re-methylation in the absence of SeqA or the to restrict the accessibility of other 
replication proteins such as DnaA (157). 
2.1.2 Titration of DnaA 
The second mechanism for restricting replication initiation uses the DnaA titration locus 
datA. This region ofapproximately lkb located at 94.7 minutes (near oriC) on the 100 
minute E. coli genomic map is tightly bound by DnaA (158,159). The datA locus 
contains four high-affinity DnaA consensus binding sites that can bind approximately 
300-400 DnaA molecules. As this region is close to the oriC the titration potential of 
datA doubles shortly after the start of chromosome replication. Deletion of the datA 
locus results in over-replication and suggests that datA functions to limit repli cation 
initiation by reducing the number of DnaA molecules available to bind oriC DNA. 
2.1.3 Regulatory Inactivation ofDnaA 
The predominant mechanism preventing over-replication in E. coli is termed Regulated 
!nactivation ofDnaA (RIDA) (160). A recent comparison of RIDA, sequestration, and 
titration revealed that only cells lacking functional RIDA over-initiated chromosome 
replication. This apparent contradiction in the literature is not easily explained, but may 
result from strain variation. The necessity for and mechanism of RIDA were originally 
suggested by the temperature sensitive DnaAcos mutant that hyper-initiated chromosome 
replication at the non-permissive temperature. This DnaA mutation had low ATP 
hydrolysis activity implying that switching between DnaA-ATP and DnaA-ADP forms 
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was an important regulatory principle. From these subsequent studies two major 
components were identified, the replication fork clamp (beta subunit) (161) and a small 
soluble member of the AAA+ family, IdaB, that inhibited replication in reconstituted in 
vitro assays (162,163). The idaB gene was subsequently identified and renamed Hda 
(Homolog of dnaA) (164,165). Disruptions of Hda produced cells with multiple 
chromosomes suggesting that Hda affects initiation in vivo (164,166,167). The 
mechanism by which Hda and the beta-clamp function is currently speculative, but Hda, 
which is homologous to the ATPase domain of DnaA, stimulates the weak intrinsic 
A TPase activity of DnaA. This suggests that Hda is a nucleotide switch factor that 
recognizes and stimulates conversion of DnaA-ATP (active) to DnaA-ADP (inactive). 
The role of the beta-clamp, an obligate component ofreplisome assembly, implies that 
successful assembly of the replisome is an important negative-feedback mechanism that 
inhibits DnaA activity. The recent observation that the heta-clamp and Hda colocalize in 
vitro suggests the heta-clamp stimula tes or stabilizes Hda activity and also that the beta-
clamp brings Hda to DnaA (168). In addition, DnaA recruits DnaB helicase (31) 
suggesting a secondary role for DnaB in the RIDA mechanism. A speculative RIDA 
function for DnaB might be to destabilize the DnaA oligomer through local changes in 
the structure of the open DNA complex. 
In summary, E. coli, has at least three mechanisms that ensure chromosome replication is 
restricted to once per cell cycle. These negative feedback mechanisms ensure that 
superfluous rounds of chromosome replication are prevented. 
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2.1.4 Other Checkpoints 
2.1.4.1 Response Regulators and Two Component Signaling 
Two-component systems define a broad range of regulatory systems that permit bacteria, 
and other organisms, to quickly adapt to changing environmental conditions (169). Each 
two-component system consists of a histidine protein kinase sensor (HPK) coupled to a 
response regulator (RR). In general, external stimuli activate the pathway by modulating 
HPK activity (Figure 6) leading to autophosphorylation at a conserved histidine residue. 
The RR is subsequently recruited to catalyze a phospho-transfer reaction with the HPK-
phosphate becoming transferred to a conserved aspartate within the regulatory domain of 
the RR. This is followed by activation of an adjacent effector domain and execution of 
the specific response. The intrinsic phosphatase activity of the RR ensures the response 
is limited lasting seconds to hours. The current model suggests that the level of RR 
phosphorylation is the ultimate signal determining the output response (170). Two 
component systems (TCS) are ubiquitous and account for nearly 1 % of the encoded 
proteins in a given species of eubacteria (169). TCS are involved in many aspects of 
bacterial cell growth; from chemotaxis and virulence to osmoregulation and oxygen 
stress (169). However, two component systems are also involved in cell cycle regulated 
processes such as chromosome repli cation and differentiation and section 4 of this 
literature review will describe in detail the role of CtrA a response regulator that plays a 
significant role in the Caulobacter cell cycle. 
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Perhaps the best studied two component system is the NR1INRn pathway that controls 
nitrogen regulation in E. coli. In response to nitrogen starvation, the HPK, NRn, 
phosphorylates the RR, NR1 (171). Phosphorylated NR1 binds to sequences upstream of 
the nitrogen-regulated promoters and stimulates sigma-54 dependent gene transcription 
of the glnA ntrCB operon. The promoter region of this operon contains three strong NR,-
binding sites (172,173) and NR, or NRI -phosphate bind equally weIl to the se sites (174). 
However, occupation ofNR, at these sites does not stimulate transcription. Only NR,-
phosphate is able to activate transcription because phosphorylation ofNRl increases the 
cooperativity constant, a measure of dîmer formation. The imposed conformational 
changes of the dimer-bound DNA stimulates transcription by allowing dimers at adjacent 
sites to communicate and form tetramers (174). This suggests 1) that NRI binding to 
DNA is not the primary signal for transcriptional activation and 2) that phosphorylation is 
not a signal by itselfbut provides the necessary conformational changes (dimer/tetramer 
formation) required for NRI-mediated transcription. It has also been demonstrated that 
low concentrations ofNRI-phosphate, which freely form dimers, cannot stimulate 
transcription (175). Only when a critical concentration ofNRI-phosphate dimers has 
been achieved (> 50 ~) can tetramers form and drive the conformational changes 
required to activate transcription. The mechanism ofNRI provides a basis for Chapter II 
where the role ofphosphorylation and DNA binding of the response regulator CtrA will 
be considered. 
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2.2 Replication Licensing in Yeast 
2.2.1 Kinases 
Replication initiation in S. cerevisiae relies on the essential activities of cyclin-dependent 
kinases to limit replication to once per ceU cycle. In particular, two kinases, CDK 
(ScCdc28) and Cdc7 act at different stages of the ceU cycle to control replication. In 
general, the catalytic activity ofCDKs depends upon association with cyclins (see review 
(176)) and it these cyclin-CDK hetero-complexes that help coordinate the initiation of 
replication (177,178). CDK activation is established during late Gland achieves 
maximal activity during S-phase and is necessary to prevent re-replication (93). The B-
type cyc1ins ScClb5 and ScClb6 are responsible for triggering S phase. However 
mutations that disrupt these cyclins can be rescued by other B-type cyclins demonstrating 
a functional redundancy within this family (179). 
A primary target of S-phase CDK-cyc1in signaling is Cdc6, a protein which promotes 
replication (104,180). The role ofthis interaction has been extensively studied with the 
Cdc6 homolog of S. pombe, Cdcl8. The recruitment ofCDK, by Cdcl8, to the 
replication origin stimula tes CDK phosphorylation of Cdc18 (181). Phosphorylation of 
Cdc18 apparently inhibits its activity because mutants that abolish CDK-dependent 
phosphorylation show increased Cdc 18 activity as evidenced by over-replication 
(181,182). Therefore, hyper-phosphorylation ofCdc18 in early S-phases helps to limit 
replication initiation. 
The MCM proteins are important targets ofCDKs, but the function ofthis 
phosphorylation is not c1ear. Phosphorylation may stimulate MCM activity early in S 
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phase or it may help to limit MCM activity after initiation. InXenopus laevis, 
phosphorylation of MCM4 in mid S-phase coincides with the dissociation ofMCM 
complexes from the chromatin, suggesting phosphorylation limits MCM activity after 
initiation (183-185). In S. cerevisiae, chromatin immunoprecipitation (ChIP) 
experiments have demonstrated MCM interactions with CDKs at the replication origin in 
vivo (99). It is clear however that down regulation of CDK activity during G2 results in 
over-replication during the S. cerevisiae cell cycle and suggests MCM proteins are able to 
reload during G2 in the absence ofCDK activity (186). The model suggest that declining 
levels of CDK during late mitosis and G 1 permit licensing while increasing CDK activity 
in late G 1 prevents further licensing and promotes the initiation of chromosome 
replication (187). 
ORC proteins are also targets ofCDK activity (102,188). ScORC remains associated 
with the chromatin throughout the cell cycle (99,189). Since phosphorylation does not 
change ORC binding to DNA, what affect phosphorylation has on ORC activity is not yet 
clear. CDK recruitment to the replication origin may also provide important remodeling 
signais needed to control the replication potential of ORC, Cdc6, or MCM. Cdc45 
binding to the replication origin is also CDK-dependent (119) but there is no evidence 
that this is a direct result of Cdc45 phosphorylation by CDKs. 
The second CDK responsible for regulating replication is the Cdc7-Dbf4 kinase (190). 
ScCdc7 is a constitutively expressed serine/threonine kinase predominantly active during 
Sand G2 (191). ScCdc7 activity is controlled by the regulatory activity of the Dbf4 
subunit (192). Dbf4 is also important for targeting Cdc7 to the replication origin and also 
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depends on intact ORC binding sites for association (193). S. cerevisiae Mcm2, 3, 4, and 
6 are substrates for Cdc7 in vitro (194). As opposed to Cdc6, phosphorylation of MCMs 
by Cdc7 suggests a positive role for stimulating helicase activity (195). Since Mcm2 
inhibits MCM helicase activity it is believed that its phosphorylation by Cdc7 may adjust 
the activity of the MCM complex (111). 
In eukaryotes, kinases regulate the subunit assembly of protein complexes at replication 
origin. While the molecular mechanisms have not been worked out, it is clear that CDKs 
function as oscillators to control the steps of replication and ensure replication occurs 
only once. As we will see in Chapter III, a different class of "switch factors" plays an 
important role in bacterial replication origins as weIl. 
3. The Role of Protein Chaperones in DNA replication 
A protein chaperone alters the activity of other protein(s) through protein-protein contacts 
that either guide or redirect the fol ding or aggregation pathways of the target protein. 
Therefore, chaperones act as stage conductors to control the functional fate of other 
proteins. Chaperones have an established role in controlling phage and plasmid 
replication. The E. coli chaperones ClpX and DnaK also target numerous proteins for 
degradation. The consequences are that chaperones modulate the activity occurring at the 
replication origin. The following literature review shows that chaperones can be used in 
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diverse ways to promote replication. 1 will later propose that chaperone ClpX has a new 
role at the Caulobacter crescentus chromosome replication origin. 
3.1 Phage Replication 
3.1.1 Lambda (Â,) Phage 
During the lytic phase of lambda phage development, repli cation requires the utilization 
of viral and host encoded proteins to synthesize viral genomic DNA. The major viral 
proteins are the initiator Â,-O protein which binds to ori-Iambda (196) and recruits the Â,-P 
protein in eomplex with the DnaB heliease (197) forming a pre-primosome eomplex. 
This complex represents the final stage of replieation initiation in lambda phage as the 
removal of the lambda P protein stimulates DnaB heliease aetivity and the loading of the 
replisome (198). However, the O-P-DnaB complex is also very stable and chaperone 
activity is needed to release DnaB. RNA polymerase is also a requirement for lambda 
replication, presumably by assisting in template unwinding (199,200). 
3.1.1.1 DnaKChaperone 
DnaK, DnaJ, and GrpE work together to provide a number of important biochemieal 
functions (201). For instance, temperature sensitive mutations in any one ofthese 
eomponents blocks Â, phage growth (202,203). The DnaK ehaperone eomplex funetions 
to release DnaB helicase from an unusually strong bond with Â,-P at ori-Â, origins of 
replieation (204). Looking at the specifie components of the DnaK ehaperone eomplex 
we find the ehaperone DnaK, a eonserved member of the Hsp70 family ofheat shock 
proteins (205). In other contexts, DnaK. functions as an unfoldase, carrying with it weak 
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intrinsic A TPase activity and the recruitment of Dnal and GrpE are required to increase 
ATPase activity several fold (206). While Dnal is a bonafide chaperone and prevents 
protein aggregation (205), it is not clear whether this activity is enhanced when 
complexed with DnaK (207). Unlike Dnal which is dispensable, GrpE is essential for E. 
coli viability. GrpE acts as a nucleotide exchange factor for DnaK (206,208) and also 
assists in the release of polypeptides from DnaK. In terms of Â phage replication, Dnal is 
the first chaperone to recognize and bind the pre-primosome complex with DnaK and 
GrpE following (209). In this manner, the DnaK chaperone complex relieves the 
inhibition on DnaB by "rearranging" Â-P activity. Â-P has been shown to remain bound 
to the O-some after DnaB release and loading on the Â replication origin. 
3.1.1.2 The ClpXlClpP Chaperone/Protease Complex 
During the initial stages of Â. phage replication, the 0 protein recognizes four iterative 
sequences in oriÂ. forming a specialized nucleoprotein complex (O-sorne) that serves as a 
scaffold structure for the remaining assembly reaction (210). The unbound 0 protein is 
generally unstable because it is a target of ClpXIP mediated degradation. Mutations in 
either complex abolish Â-O proteolysis (211). However, it has been demonstrated the 
Â-O p/rotein is protected from proteolysis when bound to DNA and suggests that ClpXIP 
functions to titrate out free Â-O protein. While the absence of ClpXIP does not influence 
Â growth there has been evidence to suggest ClpXIP is important for the lysis-versus-
lysogeny switch in slow growing bacterial cells (212). Whatever role ClpX plays in "-
phage developrnent, it should he noted that Â-O was one of the first proteins where the 
stepwise mechanism of ClpX unwinding was elucidated in vitro. These studies show that 
31 
ClpX contacts a dimer of Î..-O followed by a systematic unfolding and translocation into 
the lumen of the ClpP protease (213,214). 
3.1.2 Mu Phage 
Mu phage replicates its genome through a chain reaction of genomic transposition events 
(215). The minimum components required are the phage encoded MuA transposase and 
ClpX chaperone mediated regulation of transposase activity. The steps of Mu 
transposition include 1) the recognition of Mu genomic DNA by tetrameric MuA; 2) 
recruitment ofnew target host DNA by the accessory protein MuB 3) c1eavage of the Mu 
genome by MuA; 4) strand transfer between donor and target DNA strands; 5) DNA 
repli cation (216). The progression of Mu transposition results in a stepwise increase in 
the stability of the MuA-DNA complex and therefore replication of Mu genomic DNA, 
which requires MuA protein displacement is inhibited (217). Paradoxically, MuA is also 
required to promote replication of Mu DNA and it is the disaggregating activity of ClpX 
that permits replication (218). It should he highlighted that ClpX resolution of MuA-
DNA complexes occurs independently of ClpP protease, and that ClpP is dispensable for 
Mu growth (219). ClpX does not mediate the release of MuA but rather ClpX 
destabilizes its contact with DNA (220) by targeting one of the subunits from the MuA 
tetramer complex (221). This new configuration of MuA then permits Mu DNA 
replication to proceed by stimulating the recruitment of the replication complex. 
Although ClpX is generally regarded as a protein unfolding machine that docks with 
ClpP, this example c1early shows that ClpX can act alone to perform a very precise 
protein remodeling reaction. 
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3.1.3 Bacteriophage Pl 
Pl replicates by forming a plasmid circle during its lysogenic phase. Pl replication 
requires a phage encoded RepA protein to bind sequences found within the Pl origin 
(222). Dimers of RepA alone or in complex with Dnal can bind the Pl origin however 
with low affinity. The addition DnaK increases the binding affinity of RepA-DnaJ 
complexes to oriP 1 in vitro by stimulating the monomerization of RepA (223). This 
monomerization by DnaJ and DnaK can be functionally replaced by the chaperone ClpA. 
ClpA is a primary chaperone for the targeting of substrates for proteolysis through the 
ClpP protease (224,225). In regards to Pl replication, oruy ClpA chaperone activity, 
independent of ClpP (226), is required to stimulate RepA monomerization. 
3.2 Plasmid Replication 
3.2.1 RK2 Plasmids 
RK2 is a broad-host range plasmid in Gram-negative bacteria (227). RK2 plasmids 
minimally require two plasmid encoded components for replication, the repli cation origin 
(oriV) and the Rep protein TrfA (228,229). The remaining elements ofRK2 replication 
are host encoded and include DnaA, the replisome, etc. (230-232). Replication initiation 
requires the binding of TrfA to iterative sequences within oriV. The protein aggregation 
state of TrfA is an important requisite for activation of RK2 plasmid replication (233). 
The chaperone ClpX, stimulates TrfA activation in vitro, by converting the inactive 
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dimers to active monomers (234). However, ClpX is dispensable for RK2 maintenance 
in vivo and this suggests other chaperone systems can functionally replace ClpX in this 
versatile broad-host range plasmid. Of central importance to this thesis is the observation 
that ClpX chaperone activity can occur independently of ClpP. Therefore, RK2 plasmid 
replication provides another example where ClpX chaperone activity is functionally 
separated from its originally proposed role in proteolysis. 
3.2.2 RK6 Plasmids 
More recent work has also found a role for the DnaK-DnaJ-GrpE chaperone system in 
activation of the pi initiator protein during the replication of R6K plasmids. The R6K 
plasmid contains three replication origins (alpha, beta, gamma) and the pi protein, in 
conjunction with host encoded DnaA, are required to initiate replication from ori-alpha 
and ori-gamma, while ori-heta seems only to require pi protein for activation. The 
monomeric form of pi protein is active and the chaperone system must resolve the 
inactive dimers of pi into active monomers and this activity seems to he required for ori-
gamma-specifie replication. The role of monomeric pi protein in stimulating replication 
at ori-alpha and ori-heta is not c1early understood since dimeric pi protein may also he 
involved in stimulating replication at alpha and beta. 
The preceding examples show that phage and plasmid replication requires the activity of 
protein chaperones. In all cases this cha perone activity is not coupled to protein 
degradation. A recent review by Burton and Baker proposes that proteins targeted to 
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chaperone/protease complexes may, under special conditions, be refolded instead of 
degraded (216). This extends the role of chaperones to that of "quality control" and 
suggests wider regulatory roles. Much less is known about how chaperones influence 
chromosome replication, a key topic of this thesis. 
4. Caulobacter crescentus 
This bacterium provides our model for chromosome replication. Caulobacter crescentus 
is a Gram-negative bacterium that displays a unique asymmetric pattern of development 
(for review see (235)). This organism is distinguished by a celI division program which 
yields two morphologically distinct progeny each with its own unique cellular program of 
chromosome replication (Figure 7). One of the obvious anatomical features of 
Caulobacter is the crescentoid shape of its membranes. This is achieved, in part by a 
helical polymer referred to as crescentin, a homolog of intermediate filaments found in 
eukaryotes (236). Each round of cell division produces a flagellated and chemotactic 
swarmer cell and a sessile stalk celI. In swarmer celIs, DNA replication is selectively 
blocked and swarmers must undergo programmed cellular differentiation to the stalked 
cell type in order to initiate DNA replication. Therefore, Caulobacter represents a useful 
model to study how DNA replication is coupled with ceU growth and development and to 
uncover the mechanisms that limit chromosome repli cation within its cell cycle. 
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4.1 The Caulobacter Cel! Cycle 
Cau/ob acter cell division releases a non-replicating swarmer cell with a single polar 
flagellum, pili, and chemotaxis apparatus (237). After a prescribed period, the swarmer 
begins differentiation to the stalked cell (238). This transition stage event includes the 
ejection of the single flagellum, the synthesis of the stalk appendage, the retraction of 
pili, and the degradation of chemotaxis proteins. This stage also marks the initiation of 
chromosome replication because chromosome repli cation only occurs in the stalked cell. 
As chromosome replication proceeds, a new polar flagellum is synthesized opposite the 
stalk pole ( old pole) and the growing cell elongates, thus defming the swarmer 
compartment (new pole) and the stalked compartment of the pre-divisional cell. Newly 
synthesized daughter chromosomes are segregated to the poles of each compartment and 
cytokinesis generates a new replication restricted swarmer and the regenerated stalk cell 
immediately enters a new round of repli cation and cell division. The cell cycle behavior 
of Cau/obacter represents a sophistication typically attributed to eukaryotic cells and in 
this way, stalked cells are likened to stem cells as they continuously synthesize and 
develop new swarmer offspring. Therefore, the Cau/obacter cell cycle helps us to pose 
specifie questions regarding replication control. 
4.1.1 Temporal Control and Transcription 
The sequencing of the complete Caulobacter genome (239) permitted the investigation of 
the global genetic networks controlling the Cau/obacter cell cycle. Of the estimated 
4000 open reading frames identified in the Cau/obacter genome, approximately 20% of 
the corresponding RNAs were cell cycle regulated (240). A subsequent proteomic 
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analysis revealed that protein abundance coincides with fluctuating rnRNA levels 
demonstrating that protein abundance correlates with gene transcription (241). For 
instance, genes required for initiation of DNA replication are synthesized in swarmer 
cells and during the swarmer to stalk transition (G 1-8). Genes encoding the replisome 
and nucleotide biosynthesis are also expressed early and are followed by genes encoding 
chromosome segregation and ceU division proteins in the predivisional ceU (240). 
Temporal synthesis of proteins during the ceU cycle is also coupled to the degradation of 
these proteins and permits the staged removal of components who se role in the ceU cycle 
has been completed (242-244). As we wiU see, chaperones also play an integral role in 
the control and periodicity of various activities within the Caulobacter ceU cycle. 
The Caulobacter cell cycle is controlled by an oscillating genetic switch comprised of the 
response regulator CtrA and the transcriptional regulator GcrA (245) each controlling a 
distinct classes of proteins required for cell cycle progression. CtrA is a master regulator 
(discussed below) that controls the transcription of numerous cell cycle genes and also 
plays a role in negatively regulating chromosome replication in swarmer ceUs (246,247). 
The newly identified GerA regulator is a positive transcriptional regulator of the initiator 
DnaA as weIl as for genes important for the maintenance of asymmetry (248). The 
oscillatory nature of the CtrA/GcrA network puts the two proteins out of phase because 
GerA positively regulates CtrA while CtrA represses GerA, defining an important 
temporal and spatial division in the Cau/obacter cell cycle. 
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4.1.2 Spatial Control and Polar Development 
Spatial control in Cau/obacter defines a group of activities that control the subcellular 
address of various proteins required for the synthesis of structures important for 
Cau/obacter's morphological development. Of primary interest is the polar localization 
of kinases that coordinate the biosynthesis of pili, flagella, and the stalked appendage. 
Therefore, asymmetry in Cau/obacter is achieved through cell cycle-regulated activities 
that control polar morphogenesis. Polar development in Cau/obacter is under the control 
of the histidine protein kinases (HPKs) PleC and Div J as well as the response regulator 
DivK (249). AlI of these components display a "dynamic" pattern of localization (250-
252). PleC, which regulates aspects of flagellum biosynthesis, pilus formation and stalk 
biogenesis (253), is preferentially localized to the flagellar pole in predivisional and 
swarmer cells and diffuses to the cytoplasm in the stalked cell. Div J on the other hand 
controls stalk biogenesis and plays a role in cell division. The localization pattern of 
DivJ depends on PleC which brings it to the stalk pole in the GI-S transition and 
dissociates in newly divided swarmer cells. The final component, DivK is primarily 
cytoplasmic but does show a modest colocalization with DivJ at the stalk pole becoming 
resolved to both poles prior to cell division. The subcellular address of these 
developmental factors depends on a hierarchy that sees PleC responsible for the 
localization of DivJ that in tum controls the polar positioning of DivK. To complete this 
spatial regulatory loop, PleC controls the dissociation of DivK from the flagellated pole 
in swarmer cells (250,252). Therefore, an important question regarding this 
developmental choreography is; what are the signals required to coordinate this process? 
A closer look at pili development addresses this consideration. The major pilus subunit 
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PilA is synthesized priOf to cell division and assembled at the flagellar pole (254,255). 
The assembly reaction utilizes a secretory apparatus and the CpaE secretory component 
has a localization pattern that resembles PleC. CpaE release from the flagellated pole 
depends on PleC and suggests that recruitment and release of pili biogenesis factors is 
PleC-dependent since PleC mutants fail to assemble PilA and therefore lack pili (253). 
PleC placement is dependent on PodJ and mutants of PodJ fail to localize PleC to the 
swarmer pole or eject the flagellum during the swarmer to stalk transition (256,257). 
PodJ is unique because it is synthesized as a full length molecule that localizes to the 
incipient swarmer pole of the predivisional cell and presumably acts to recruit PleC. 
PodJ is subsequently processed to a smaller isoform that remains with the flagellated pole 
and its role in stalk biogenesis suggests it might act as a localization factor once the 
flagellum has been ejected. In this way, PodJ acts as the major regulator of the polar 
development cascade. 
4.1.3 Che~kpoint Control 
There are at least three major checkpoints in Cau/obacter all of which are coupled to cell 
division. These checkpoints monitor the staging of major synthesis reactions and only 
permit cell cycle progression when these events have properly initiated. These reactions 
include flagellar biosynthesis, chromosome segregation and DNA replication (discussed 
in section 4.2). From a global perspective, the cell utilizes checkpoints to monitor the 
integrity of its membranes, chromosomes, and the positioning of the nucleosome so that 
cells may be permitted to grow and divide. 
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4.1.3.1 The Flagellar Biosynthesis Checkpoint 
The genes involved in flagellar biosynthesis are organized into four classes (I, II, III, IV) 
Class 1 genes initiate the cascade and trigger the transcription of Class II genes during 
mid S-phase. Class III genes are not transcribed unless aIl Class II genes are expressed. 
Similarly Class IV genes are not transcribed or translated and depend on Class III 
expression. The primary transcriptional regulator is the Class 1 response regulator CtrA 
(Chapter II) that controls expression of Class II genes involved in further transcriptional 
regulation and basal body formation within the inner membrane. Checkpoint control of 
flagellar biosynthesis is integrated within the Class 1 and Class II genes (258), since 
mutations in these genes produce elongated ceIls, a typical feature of cells that delay cell 
division. Two Class II genes are responsible for "sensing" the state offlagellar assembly, 
they are the transcriptional regulator FlbD (259) which stimulates the expression of Class 
III expression, and the non-structural assembly factor FliX (260,261). The basic model 
suggests that FliX acts an inhibitor by interacting directly with FlbD (262) and upon 
completion of early flagellar assembly; FliX releases FlbD allowing Class III expression. 
New evidence demonstrates that the FlbDlFliX complex communicates directly with the 
cell division machinery because late stage cell separation is specifically blocked in FlbD 
mutants (263). These data suggest a direct Hnk between flagellar assembly (activation of 
FlbD) and cell division. 
4.1.3.2 Chromosome Segregation 
The asymmetrical cell poles of Cau/obacter suggest a distinct mechanism is required for 
chromosome segregation. Chromosome segregation requires at least three proteins 
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namely, ParAIParB, and the actin homolog MreB. In stalk cells the origin of replication 
(Cori) is localized to the cell pole and earlier studies suggest the importance of ParA 
(ATPase) and ParB (DNA binding protein) in anchoring Cori to the cell poles since both 
subunits localize to Cori and are essential for viability (264). The disruption of ParA or 
ParB result in obvious cell division defects suggesting that ParB acts as cell division 
checkpoint to ensure proper segregation and spatial targeting of the replicated 
chromosomes (265). 
Shortly after replication has initiated, one of the newly replicated origins is rapidly 
translocated to the opposite pole (266) and the recent discovery of the actin homolog 
MreB suggests this fllament-forming protein may represent the prokaryotic equivalent of 
the mitotic apparatus (267). The characteristic structure of MreB in vivo is the formation 
of helical cables along the inner membrane of all bacterial species studied (268-270). 
The location of MreB suggests it has both a role in membrane organization as well as 
chromosome segregation and in Caulobacter. MreB is important for cell polarity 
inc1uding the localization of Cori to the cell poles (271). Using a reversible small 
molecule inhibitor (A22) to block MreB polymerization, newly replicating chromosomes 
failed to segregate (272). However, administering A22 after Cori segregation had taken 
place did not interfere with subsequent segregation of the remaining chromosome. This 
suggests that an early MreB-dependent segregation event Îs followed by MreB-
independent segregation of the remaining chromosome. Consequently, MreB apparently 
interacts with chromosomal regions that are proximal to Cori, suggesting this region may 
form a bacterial centromere (273). 
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4.2 Chromosome replication 
This literature review cornes full circle with an examination of DNA replication in 
Cau/obacter crescentus. Cau/obacter replication differs in many respects from E. coli 
replication because it is restricted to a particular cell type (the stalked cell). A recent 
genome search, by this author, for homologues of seqA and a possible datA titration locus 
were unsuccessful. These results suggest Cau/obacter may not utilize sequestration and 
titration or that these functions are carried out by other, less obvious, mechanisms. AIso, 
E. coli repli cation is restricted to once per cell cycle through mechanism that directly or 
indirectly regulate DnaA. 1 hypothesize that Cau/obacter uses two separate mechanisms 
to control chromosome replication. One, that limits the activity of the negative regulator 
CtrA at Cori and a second that restricts the activity of DnaA. As weIl, the genetic 
structure of Cori is distinct from oriC and suggests novel mechanisms are at work to 
regulate chromosome repli cation in this dimorphic organism. 
4.2.1 The Caulobacter replication origin (Con) 
Critical to the study of chromosome replication in Cau/obacter was the identification of a 
cloned repli cation origin that supported autonomous plasmid replication, and whose 
replication was restricted to the stalked cell (274). Bidirectional replication initiates from 
a unique chromosomal locus (Figure 8) which spans a 1.6 kb region between hemE and 
Duj299. (275). Using deletion analysis of Cori elements in autonomous plasmid assays, 
this region was further reduced to 500 bp (276). The Cau/obacter origin of replication is 
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distinct from the E. coli origin (see Figure 2) and represents a new class of replication 
origins among the alpha-proteobacteria (277). For example Cori will not support 
autonomous replication in enteric bacteria (277). As weIl, Cori contains only a single 
conspicuous DnaA box that closely matches the five DnaA boxes found in oriC of E. 
coli. The most conspicuous and distinct feature of the Cau/obacter origin is the presence 
of five separate binding sites for the response regulator CtrA. 
An analysis of Cori identifies at least six provisional elements that consist of protein 
binding sites, transcriptional promoters, and iterative sequences whose biochemical 
functions are unknown. The first such element is the weak transcriptional promoter (Pw) 
which directs the synthesis of the hemE gene and is absolutely required for autonomous 
plasmid replication (276). In E. coli transcription promotes oriC plasmid replication but 
is not an essential requirement for either plasmid or chromosome replication (36,278). 
oriC is flanked by mioC and gidA and includes the single gidA promoter (see Figure 1) . 
This contrasts with Cori which is flanked by Du.f299 and hemE and contains three 
promoter elements. The second element denotes a 40 bp AT rich region and signifies the 
location of a strong promoter (ps) and two CtrA binding sites a and b. This region is 
dispensable on the chromosome but not for autonomous plasmid replication (235). The 
third element defines a unique purine-rich stretch whose disruption does not support 
chromosome or plasmid replication (235) and whose role is not clear, however purine-
rich domains have been shown to be important for viral-mediated replication (279). The 
fourth element defines CtrA binding site c overlapped by an IHF (DNA bending) binding 
site and deletions in this region are tolerated. Element five represents CtrA binding site d 
while Element six corresponds to CtrA binding site e adjacent the single DnaA box (274). 
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In E. coli, transcription promotes oriC replication (280). Transcription promotes 
replication by altering the replication origin, presumably by providing negative 
supercoiled DNA that aids the unwinding of the AT-rich region (36,37). In E. coli, the 
gidA promoter adjacent to oriC can be functionally deleted without disrupting replication. 
However, this is not true for the Pw promoter in Cori whose disruption does not support 
chromosome replication (235). The role of the strong promoter (Ps) appears to serve a 
secondary role since its deletion is tolerated in the whole chromosome but leads to 
promiscuous replication when disrupted on plasmids (276). The Ps promoter is repressed 
by CtrA in swarmer cells but is uncoupled from hemE expression. This suggests that Ps 
acts as a timing element to promote replication when Ps activity is derepressed during the 
swarmer to stalk transition. 
4.2.2 Cell Cycle Regulation of Replication 
CtrA is a transcriptional regulator and one of the key links between DNA replication and 
cell cycle progression. CtrA is responsible for controlling the expression of nearly 20% 
of the cell cycle regulated genes in Caulobacter. CtrA activity is regulated by; 1) 
Transcription, 2) Proteolysis, and 3) Phosphorylation. CtrA auto-regulates its own 
transcription (281) in conjunction with the newly identified GerA protein (248). The 
second mechanism of CtrA regulation is protein turnover which is coordinated by the 
chaperone/protease pair ClpXlClpP (282,283). The third mechanism, common to all 
response regulators, is periodic phosphorylation at a conserved aspartate residue 
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(247,282,284). Arguably, phosphorylation is the dominant mechanism controlling CtrA 
activity as both transcription and proteolysis can be circumvented without disrupting cell 
cycle progression. CtrA-P levels fluctuate during the Cau/obacter ceIl cycle. It has been 
proposed that this cell cycle pattern of phosphorylation alters CtrA affinity for Cori DNA 
providing a primary basis for replication control. 
4.2.3 The Initiator DnaA 
Cau/obacter DnaA is essential for chromosome repli cation and its homology to E. coli 
DnaA presumes as similar function at Cori. Depletion of DnaA blocks new rounds of 
DNA replication but not ongoing replication, providing evidence that DnaA functions in 
DNA replication initiation (285). Cau/obacter DnaA is unique because it demonstrates a 
specific cell cycle pattern of ClpP-dependent proteolysis (286). Proteolysis of DnaA is 
biphasic and displays a higher rate of turnover in the non-replicating swarmer cell. At the 
swarmer to stalk transition, DnaA protein becomes increasingly stable, and suggests this 
activity maybe under checkpoint control. Presumably the stability of DnaA in stalk cells 
permits the accumulation of DnaA and the subsequent triggering of replication initiation. 
The temporal fluctuation in DnaA stability underlies a unique regulatory mechanism in 
Cau/obacter. While homologs of the E. coli seqA/sequestration and datA/titration have 
not been identified. it is possible that in Cau/obacter, CtrA may provide a sequestration 
function in swarmer cells while DnaA proteolysis may represent a form of titration. The 
third mechanism. RIDA, will be discussed in more detail in Chapter IV. 
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4.2.4 DNA Methylation and ccrM 
DNA methylation in Caulobacter is required for cell viability and perhaps cell cycle 
progression (287) and it may play a significant role in a number of diverse activities such 
as DNA replication and transcription. Both CtrA and CcrM transcription are influenced 
by the state of promoter methylation (288,289)). The DNA methyltransferase, CcrM, 
methylates the target sequence GANTC at the A residue and is under tight cell cycle 
control being expressed during the later stages of S-phase when the chromosomes have 
fini shed duplicating but the cells have not yet divided. The regulation of CcrM is under 
transcriptional control by CtrA and proteolytic turnover by Lon protease (242). 
Proteolysis of CcrM is constitutive and the increased transcription of CcrM in late S-
phase saturates Lon activity allowing the protein levels to peak during this period of the 
cell cycle. This contrasts with E. coli Dam which is constitutively expressed and active 
(9). The Caulobacter chromosome, like that of E. coli, alternates between states of fully 
methylated and hemimethylated DNA during DNA replication. At the end of DNA 
replication, most of the DNA is found in the hemimethylated state with the regions 
proximal to Cori remaining hemimethylated longer (290). Unlike E. coli, the pattern of 
CcrM methylation shows that Caulobacter replication initiates only once per cell cycle. 
In DNA methylation state assays, unmethylated DNA is a hallmark of over-replication. 
The presence of unmethylated DNA is a typical feature of promiscuous plasmid 
replication in Caulobacter (274,291). However in the chromosomal context 
unmethylated DNA is difficult to detect (290) suggesting CcrM plays an important role in 
repressing chromosome replication. 
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5. Central Tbeme of tbis Tbesis 
This thesis focuses on the negative regulation of chromosome replication in Cau/obacter 
crescentus and aims to explain how chromosome replication is restricted to just one 
round per cell cycle. My studies begin with the CtrA response regulator protein, because 
CtrA was a proposed negative regulator of chromosome replication in swarmer cells. My 
thesis extends this hypothesis and addresses whether CtrA also acts to control replication 
in stalked cells. 1 therefore studied CtrA binding to the replication origin and 1 monitored 
CtrA activity throughout the cell cycle in vivo using a well defined chromatin-
immunoprecipitation assay. 1 discovered a new class ofCtrA DNA binding sites and 1 
demonstrated that DNA-binding and transcription-regulation are separable in vivo 
activities of CtrA. 1 developed a quantitative in vivo protein-DNA cross-linking assay to 
monitor CtrA binding to the replication origin. This assay also allowed me to discover 
that the protein chaperone ClpX contacts the chromosome replication origin precisely at 
the start of the replication cycle. My results have significantly changed our model ofhow 
CtrA can regulate the cell cycle. These results also suggest that a new role for ClpX is to 
disassemble proteins at the replication origin. 1 end my thesis by linking negative 
regulation of chromosome replication in C. crescentus with that of E. coli. Regulation by 
CtrA, or similar response regulators is probably not shared between the replication 
origins of these bacteria. 1 therefore addressed whether C. crescentus also employed an 
E. coli-like "RIDA mechanism" for the "Regulated Inactivation of DnaA." My 
preliminary work demonstrates that C. crescentus has the essential hda RIDA 
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component. 1 propose that C. crescentus likewise employs the RIDA mechanism in 
cooperation with that of CtrA and ClpX. 
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FIGURES 
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Figure 1. Schematic of E. coli replication origin orie. Key DNA elements are 
shown. oriC is flanked by two open reading frames, mioC and gidA. Five filled triangles 
denote the placement and orientation of five 9-mer DnaA boxes. The arrowheads 
indicate a series of 13 mer sequences and comprise an AT -rich region which act as 
unwinding elements. The large open triangle indicates the IHF binding site. Figure 
adapted from (235). 
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Figure 2. The model of chromosome replication initiation at orie. Five DnaA boxes 
in oriC (9-mers) are targets of DnaA binding. Sequentialloading of DnaA at oriC forms 
an oligomeric complex that facilitates the melting and unwinding of the origin DNA (13-
mers). The open complex permits the loading of the DnaB by both DnaA and DnaC to 
form the pre-priming complex. Figure adapted from (17). 
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Figure 3. Model of a DNA replication fork. The major components of the DNA 
replication fork are shown. Two oppositely-oriented DNA polymerase III molecules 
(green) are tethered to DNA by the DnaN beta-clamp (purple ring). The tau subunit 
(brown) couples the leading and lagging strand polymerases to form the replication fork. 
RNA primase (blue triangle) synthesizes RNA primer for both leading and lagging strand 
synthesis. The DnaB helicase (blue ring) moves ahead of the replication fork and 
unwinds the parental duplex DNA and single stranded DNA is stabilized by single 
stranded binding proteins (SSB: yellow). Figure adapted from (17). 
54 

Figure 4. Eukaryotic Licensing. The schematic demonstrates the regulated loading of 
Mcm2-7 proteins on replication origins (triangles) during the yeast replication origin. 
Two origins of replication are shown. During late mitosis (M), the replication licensing 
system becomes active and allows Mcm2-7 complexes (red) to load onto replication 
origins (green). In late G 1 the licensing system is shut offthrough an inhibition by cyclin 
dependent kinases. During chromosome replication (S), the Mcm2-7 begin to migrate 
away from the replication origins ahead of the replication forks and dissociate from the 
DNA during termination. As cells enter G2 and replication completes, Mcm2-7 are not 
permitted to reassociates with DNA until cell have successfully completed mitosis 
(adapted from (292)). 
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Figure 5. Mechanisms that regulate DnaA activity. Three mechanisms negatively 
regulate chromosome replication in E. coli. 1) DnaN and Hda are components of 
Regulated Inactivation of DnaA (RIDA) that stimulate the conversion of DnaA-ATP 
(active) to DnaA-ADP (inactive). 2) The datA locus, a region close to oriC, is duplicated 
by the moving repli cation forks (RF) and acts as a nucleating point for DnaA. datA 
functions to reduce the availability of DnaA in vivo and prevent re-replication. The third 
mechanism, sequestration, is controlled by the SeqA protein which binds the newly 
replicated and hemimethylated origin DNA (-CH3), sequestering it at the membrane and 
blocking reassociation of DnaA. 
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Figure 6. Schematic of Two Component Systems. Two component systems are 
comprised of a membrane bound histidine protein kinase (HPK) and a cytoplasmic 
response regulator. The ATPase domain of the HPK catalyzes the autophosphorylation 
of a conserved histidine residue (H). The phosphate is subsequently transferred to a 
conserved aspartate residue (D) on the RR (receiver domain). Phosphorylation of the RR 
stimulates the effector do main and execution ofthe response. Figure adapted from (170). 
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Figure 7. The Caulobacter crescentus cell cycle. The cycle begins with a non-
replicating chemotactic swarmer cell (Sw) which differentiates to the replicating stalk 
cell (St). Growth of the pre-divisional cell produces a new flagellated swarmer pole. 
Segregating chromosomes are positioned in both the non-replicating swarmer (rep-) and 
the replication competent stalk cell (rep+). Shading indicates the temporal and spatial 
presence of the CtrA response regulator. Figure adapted from (235). 
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Figure 8. Conspicuous features of the Caulobacter Origin of Replication (COri). 
Five binding sites (a-e) (1-+7-+1) for the response regulator CtrA are shown including a 
single IHF overlapping CtrA binding site c (open triangle). A highly conserved E. coli -
like DnaA box is located near CtrA binding site e in the rightward half of Cori (open 
arrow). Cori is tlanked by two open reading frames, hemE and Duj299 (fonnerly RP001) 
and includes three promoters, the weak promoter (Pw), the strong promoter (Ps) and the 
P3 promoter. Also shown is an AT rich sequence where melting of the origin DNA by 
DnaA is presumed to happen. Figure adapted from (235). 
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CONTRIBUTION TO ORIGINAL KNOWLEDGE 
Chapter 2 
1. The response regulator CtrA binding affinity to two ctrA promoters is independent of 
CtrA phosphorylation. This result identifies a novel mode of binding for this large 
class of proteins. 
2. Developed a sensitive chromatin immunoprecipitation assay to demonstrate that CtrA 
binds the ctrA and motB promoters in vivo. 
3. Expression of a non-proteolyzable CtrA allele (CtrM3) reveals constitutive binding 
to these promoters. 
4. Continuo us occupation of the ctrA promoter by CtrA does not alter the cell cycle 
activity of this promoter and suggests a new allosteric model for CtrA regulated 
transcription. 
Chapter3 
1. Direct demonstration that CtrA binds to the Caulobacter replication origin in vivo. 
CtrA does not occupy Cori in stalk cells when repli cation commences. 
2. In contrast to ctrA-regulated promoters, the CtrM3 allele does not constitutively 
occupy Cori in cell cycle experiments. 
3. The chaperone ClpX is recruited to Cori prior to start ofS-phase. 
4. Increased CtrA binding to Cori stimulates increased ClpX recruitment. 
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Chapter 4 
1. Identified and cloned two DnaA-like genes (Cdl-l and Cdl-2). 
2. Cdl-l is a homolog of the DnaA ATPase domain and similar to a component of 
Regulated Inhibition of DnaA (RIDA) found in E. coli. 
3. Cdl-2 is homologous to the DNA binding domain ofDnaA and is restricted to the 
apha-proteobacter class of Gram negative hacteria. 
4. Over expression ofCdI-l or CdI-2 in Caulobacter causes morphological defects and a 
failure to divide. Overexpression also inhibits DNA synthesis 
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TRANSITION 1 
The section on Cau/obacter chromosome replication, outlined in the literature review, 
introduces CtrA as a major regulator of chromosome replication. Work performed by. 
Rania Siam, a previous Ph.D. candidate in our lab, demonstrated that right side or left 
side disruptions in CtrA binding sites retained a very weak affinity for CtrA protein. 
However, increased affinity for these mutated binding sites could not be stimulated by 
phosphorylation. Analysis of the Cau/obacter genome reveals that the cirA promoters 
(and others) have binding sites that do not reflect the proposed consensus sequence with 7 
bp spacing, namely TTAA-N7-TTAA. This variation suggests CtrA's role as a 
transcription factor may differ from its role as a replication inhibitor because the type of 
bindings sites utilized are not similar. The immediate question was to test how binding to 
the ctr A promoter was influenced by phosphorylation. The absence of increased affinity 
of CtrA-phosphate for these binding sites was unexpected, because weIl studied response 
regulators show an increased affinity for target DNA upon phosphorylation. As will be 
discussed, the novel behaviour of CtrA at its own promoter challenges the recruitment 
model of transcription and introduces a simple allosteric model to encompass new 
biochemical activities. It is from these beginnings that the remaining chapters were 
developed in the hope of understanding how CtrA and newly emerging mechanisms 
negatively control DNA replication in Cau/obacter. 
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ABSTRACT 
Response regulator proteins typically gain affinity for their target DNA upon 
phosphorylation. Likewise, the Caulobacter crescentus cell-cycle transcription regulator 
CtrA gains affinity for consensus TTAA-N7-TTAA sites present at the replication origin 
and the promoters of many cell cycle expressed genes. Although transcription of the ctr A 
gene is auto-regulated by CtrA binding to two (Pl and P2) promoters, their TTAA motifs 
lack the consensus N7 spacing. We show that the Pl and P2 promoters have distinct 
CtrA binding sites with equal and low affinity (~ ~ 0.3 ~M) for CtrA and 
phosphorylated CtrA (CtrA~P). Unexpectedly, both ctrA promoters retain their cell-cycle 
programs of activation and repression when CtrA protein is present throughout the cell 
cycle. Under these conditions CtrA protein continuously occupies Pl and P2. We 
therefore propose that cell-cycle DNA binding is not the primary requisite for regulation 
and cell-cycle mediated CtrA phosphorylation drives transcription. Therefore, 
phosphorylation is not a mechanism for CtrA recruitment to Pl and P2 and despite the 
low affinity of these promoters, the effective in vivo concentration of CtrA is high 
(~l 0,000 copies/cell) so that these promoters can be occupied in vivo. This class of 
promoters may be common, since a whole genome survey of TT AA half sites showed a 
bias for the 5' ends of genes. 
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INTRODUCTION 
Asymmetric cell division in the Gram-negative bacterium Caulobacter crescentus forms 
two distinct "swarmer" and "stalked" cell progeny (Figure 1) each possessing different 
replication and transcriptional programs (1). The motile swarmer ceUs must commit to 
stalked development prior to initiation of chromosome replication and a key component 
of this cell cycle checkpoint is the response regulator CtrA (2). CtrA is restricted to 
swarmer ceUs, following cell division, and is removed during the swarmer to stalk 
transition by targeted proteolysis (3). Previous models have suggested that inducible 
turnover of CtrA is a necessary step to alleviate repression of chromosome replication and 
promote stalk specific transcription. During chromosome replication CtrA is 
resynthesized and sequestered to the swarmer compartment of the predivisional cell while 
specific proteolysis limits CtrA in the stalk compartment (4). However, cell cycle 
regulated proteolysis of CtrA appears dispensable because a non-proteolyzable mutant of 
CtrA supports an apparently normal cell cycle (5). In addition to its role in replication, 
CtrA also functions to control the expression of numerous genes in C. crescentus (6). 
CtrA homologues have been identified in related bacteria and these may have a similar 
role as global cell cycle regulators (7-10). 
CtrA protein synthesis requires transcription from two adjacent promoters, designated Pl 
and P2, each with a distinct pattern of cell cycle regulation (11). Following degradation 
and loss of CtrA~P in the stalked ceIl, selective derepression of the Pl promoter 
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replenishes CtrA. As CtrA levels increase in pre-divisional cells, a transition from PI to 
P2-directed transcription occurs because CtrA activates P2 but represses PI. 
CtrA belongs to a broad family of response regulators bearing homology to Escherichia 
coli OmpR (12) and like many response regulator proteins, it is the phosphorylation of 
CtrA that presumably coordinates cell cycle transcription and CtrA binding to the 
replication origin (Cori). Phosphorylated CtrA (CtrA~P) coincides with CtrA proteolysis 
(4). The essential histidine kinase, CckA, is an important aspect of CtrA activity (12) and 
functions either as a direct phospho-donor or within a much wider phospho-relay 
network. Other kinases that are not essential (DivJ and PleC) may also phosphorylate 
CtrA (13-15). 
Within Cori, CtrA~P stimulates binding to five sites (a-e) having the consensus TTAA-
N7-TTAA (N = any nucleotide) (16). It is believed that CtrA~P binding to Cori 
represents an important switch for regulating chromosome repli cation in swarmer cells 
(17). On the other hand, it is not clear whether this view of CtrA binding is accurate for 
the majority ofCtrA-regulated promoters. A recent analysis of the intergenic regions of 
the Cau/obacter genome reveals numerous target genes whose transcription is directly 
regulated by CtrA (6,18). However, sequence comparisons of the canonical CtrA 
consensus sequences found in Cori with these promoters reveals a surprising lack of 
conservation. Many predicted promoters have atypical CtrA binding sites, including 
variable spacing between half sites (N#7) or promoters with only one half site (19). 
These results suggest that the TT AA N7 TT AA consensus may not account for all the 
CtrA binding sites at the se promoters. The ctr A promoter demonstrates these atypical 
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features, comprising a single TT AA in the Pl promoter and three half sites in the P2 
promoter (Figure 4A). The apparent difference between CtrA binding sites within Cori 
and within Pl and P2 prompted us to examine CtrA binding to the se non-consensus sites. 
In this study, we demonstrate that CtrA phosphorylation does not increase its affinity for 
the Pl and P2 promoters of the ctrA gene in vitro. Quantitation ofCtrA protein copy 
number in cells demonstrates that CtrA is unexpectedly abundant. Over expression of a 
non-proteolyzable allele ofCtrA (CtrAi13) demonstrates constitutive binding to the ctrA 
promoters in vivo but does not perturb the cell-cycle regulation ofthese promoters and 
suggests that binding is not the rate limiting step in controlling these promoters. We 
identi:fy an ctrA-promoter like region upstream of motB and confirm by chromatin 
immunoprecipitation assays that CtrA binds this region in a cell cycle dependent manner 
similar to the ctr A promoter. These data suggest phosphorylation provides other 
biochemical properties aside from DNA binding that are important for regulating these 
promoters. 
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MATERIALS AND METHODS 
Strains and Plasmids 
AlI experiments were carried out using NAlOOO (formerly CB15N), a synchronizable 
Caulobacter strain. AlI cultures were grown exponentially from an OD660 of 0.1 and 
maintained at 30°C in liquid M2 supplemented with 0.2% glucose. The promoter regions 
of the ctr A gene corresponding to Pl and P2 were cloned upstream of the lacZ gene in the 
pRK2901acZ plasmid (11) and mobilized into Caulobacter by conjugation with 
Escherichia coli strain S-17-1 (20). For DNase 1 foot printing assays, pTRC7.4 carrying 
a histidine-tagged CtrA fusion protein was overexpressed in E. coli BL21 cells and 
purified as previously described (2). The ctrAA3 allele (4) was heterologously expressed 
from the xylose inducib1e promoter (PxylX) within the pUJ142 vector (21). However, for 
these experiments, CtrA~3 expressing cells were grown in glucose to promote only basal 
expression and thus avoid non-physiological over-expression of CtrA protein. 
DNase 1 Footprint Assay 
Dnase 1 footprints were carried out as previously described (16). Salmon sperm DNA 
(Sigma) and poly(dI-dC) (GE Healthcare) were used as non-specific DNA buffers and 
demonstrated no significant differences. DNA fragment corresponding to the Pl and P2 
promoters of the ctrA gene was end labeled as previously described (2). CtrA 
phospholabelling reactions were carried out using purified EnvZ with or without A TP as 
previously described (16). Because CtrA~P has a relative halflife of approximately 1h 
under assay conditions employed (data not shown) and ensured that binding assays could 
be effectively completed within the prescribed time (~10 min). 
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Immunoprecipitations 
Synchronized cells of NA 1000 withplasmids (+/- CtrA~3) containing eitherthe P1::lacZ 
or P2::lacZ reporter plasmids (11) were pulse labeled with 15 uCi of 35S-Methionine for 
10 minutes in PYE media at room temperature. Lysates were prepared by treatment with 
10 mg/ml lysozyme in 50mM Tris pH 8,450 mM NaCl, and 0.5% Triton X-IOO (TNT) 
followed by prec1earing with protein-A coated agarose beads (Sigma-Aldrich). 
Approximately 2x106 cpm oflysate and 0.5ul ofpolyc1onal rabbit anti-~ galactosidase 
antibody (Sigma-Aldrich) was used for immunoprecipitation. Cells were washed three 
times with TNT buffer and the resulting pellet resuspended in 4 volumes of SDS protein 
loading buffer (2% SDS, 2% ~-mercaptoethanol). Immunoprecipitated lysates were 
resolved on 10% SDS PAGE gels and analyzed by phosphorimager (Molecular 
Dynamics). 
Electromobility Shift Assays 
An EcoRIlHindIII fragment of a test promoter (22) carrying an intact CtrA binding site 
(pGM1871- TTAA-N7-TTAA) or a mutated halfsite (pGM1713 - TTAA-N7-TCAG) 
were dephosphorylated with calf-intestinal phosphatase (GE Healthcare) and purified by 
gel isolation (Qiagen). Fragments were labeled with 0.25 /-lei of gamma-32P-ATP for 10 
minutes (37°C) in the presence ofpoly-nuc1eotide kinase (GE Healthcare) and 
commercially supplied PNK buffer. Reactions were stopped with 2 ,...,1 0.5M EDT A and 
incubated with Na-acetate, oyster glycogen and TE buffer. Samples were precipitated 
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with ice cold absolute ethanol and stored at -20°C for 30 minutes. Pellets were collected 
by centrifugation and washed with 70% ethanol and resuspended in 30 ~l of TE buffer. 1 
~l aliquots were counted by liquid scintillation (Canberra Tri Carb) and approximately 
20,000 cpm oflabeled DNA were used per binding reaction. For EMSAs, histidine 
tagged- (lmglml) or GST tagged- (4mglml) CtrA protein were used separately or in 
combination for probe binding. Protein-DNA complexes were resolved using 5% tris-
glycine native polyacrylamide gel electrophoresis, vacuum dried on Whatmann 3MM and 
incubated with autoradiography film (Kodak Biomax MR-l) at -80°C overnight. 
Ctr A Western blotting 
CtrA western blots were performed using standard SDS-PAGE conditions with transfer to 
PVDF (HyBond, Amersham Biosciences). Membranes were blocked in 5% non-fat skim 
milk in Tris buffered saline (TBS) and immunoblots were carried out using a 1 :5000 
dilution of the CtrA rabbit polyclonal primary antibody, provided by Lucy Shapiro, 
Stanford California (17)and al: 10,000 dilution of the goat anti rab bit secondary 
(Chemicon). Membranes were washed repeatedly in fresh TBS buffer and developed 
using the West Pico Chemiluminescent substrate kit (Pierce). 
In vivo Quantitation of Ctr A 
We determined the number ofCtrA prote in molecules per cell in both synchronized and 
unsynchronized cultures using western blots of celllysates titrated across the linear range 
for chemiluminscent detection (ECL: Amersham Biosciences) and referenced against 
known concentrations of purified CtrA. We quantified our purified preparation of CtrA 
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by spectrophotometric analysis (BCA: Pierce) using the manufacturers supplied protein 
standard (albumin - 2 mg/ml) as a reference. Westerns blots were developed using Kodak 
MR -1 film and images were analyzed using the Scion Image software package and the 
GeiPlot2 macros (www.scioncorp.com) to quantitate CtrA in prepared lysates. 
Chromatin Immunoprecipitation Assay (ChIP) 
This assay procedure was performed as previously described (6) with the noted 
exceptions. Celllysis was carried out using BugBuster reagent as specified by 
manufacturer (Novagen). A 157 bp fragment overlapping the Pl and P2 promoters of the 
ctrA promoter was PCR amplified from seriai dilutions (1:1, 1:2, 1:4, 1:8, 1:16, 1:32) of 
immunoprecipitated and mock-immunoprecipitated DNA using the following primers 
T bl 1 PCR . a e - pnmers use d fi ChIP A or ssay 
CTRApromoterl (5' -CGCTGTCATCCTCGATCAAC-3') 
CTRApromoter2 (5'-CTCCGACGGGAAACATTCAC-3') 
MotB-forward (5'-AGGATGCCGCCGG-3') 
MotB-reverse (5' -CCGTCTTCATGCCGC-3') 
PCR was carried out using the FailSafe PCR premix system (Epicenter) and purified Taq 
polymerase (reference). PCR products were run on 1 % agarose, scanned and quantitated 
using the GelDoc System (check name) (Kodak). 
Ctr A half-site consensus analysis 
To determine the distribution of CtrA half site consensus motifs (TT AA) a searchable 
text string was generated within Microsoft Word™ to manipulate the entire genome 
sequence ofCaulobacter obtained from TIGR (http://www.tigr.org/tigr-
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scripts/CMR2/CMRHomePage.spl). Using the integrated search function we were able to 
identify and label all TT AA motifs within the genome. We then identified pairs of half 
sites whose intervening sequence were less than 20 base pairs. We set the upper limit of 
our half site spacing to 20 bp because values greater than 20 bp would unlikely play any 
cooperative role in etrA binding. We gathered positional information about these half 
sites, by mapping their relative positions to adjacent open reading frames using BLASTN 
and the intergenic regions confirmed using GENOME-TOOLS 
(http://caulo .stanford.edu/ genome-tools/). 
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RESULTS 
CtrA binding to consensus half-sites is unstab/e. 
For the best studied response regulators systems, the functional unit comprises a prote in 
dimer complexed to a consensus DNA sequence formed from two separate half-sites, one 
for each protein monomer. For example, OmpR, a response regulator that controls osmo-
regulation inE. coli, binds to four 20 bp consensus sequences (FI-F4) to repress 
expression ofthe outermembrane porin ompF (23). OmpR interacts with its consensus 
sequence as a dimer. Prior to phosphorylation, monomer-half site interactions are weak 
and phosphorylation stabilizes the protein dimer interface to increases DNA binding 
(24,25). 
Phosphorylation of CtrA demonstrates two distinct modes of DNA binding at the 
Cau/obacter replication origin; 1) increased affinity for one target site and 2) 
cooperativity between two adjacent target sites (16). In vitro DNase 1 footprint assays of 
Cori revealed that CtrA could still recognize, although weakly, binding sites carrying a 
disruption in one of the half sites. However, binding to the remaining half-site was not 
stimulated by phosphorylation. This represents a third mode of CtrA binding in vitro and 
we began to look for CtrA regulated promoters that might utilize this mode of binding in 
vivo. 
We tested whether CtrA binding was dependent on dimer formation or, in the case ofhalf 
sites, binding could be facilitated by monomers. We tested this behaviour using an 
established CtrA-regulated test promoter that functions in vivo (22). We initially tested 
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dimer formation using mixtures of HIS-CtrA and GST -CtrA protein fusions (Figure 2). 
In vitro we anticipated that dimer formation in a mixture ofHIS-CtrA and GST-CtrA 
would generate three possible dimer species that should be distinguishable by DNA 
mobility-shift assays because each complex gives a distinct gel shift (see Figure 2A). In 
Figure 2B, lane one shows the unbound test promoter and lanes 2-10 used a fixed 
concentration of His6-CtrA (1 mg/ml) titrated with an increasing concentration of 
purified GST-CtrA (0.01 mg/ml- 2 mg/ml). Lanes Il and 12 corresponded to the shifted 
probe using only His6-CtrA or GST-CtrA as controls. Our results indicate that GST-
CtrA had unexpected high affinity for the test promoter and out competed HIS-CtrA at 
very low concentrations suggesting that the dimer equilibrium may not favor HIS-
CtrA/GST-CtrA heterodimer formation. We next compared the affinity of GST-CtrA 
(high affinity) and HIS-CtrA (low affinity) to a test promoter carrying either an intact 
CtrA binding site or a mutant binding site (disrupted half site). The data show that 
neither HIS-CtrA (Figure 2C lanes 1-3) nor GST-CtrA (Figure 2C, lanes 4-6) interact 
with the mutated half site over all concentrations tested even though the test promoter, 
carrying the intact CtrA binding site, was shifted by both forms of CtrA at much lower 
protein concentrations (Figure 2C, lanes 7 & 8). 
CtrA consensus half sites are primarily intergenic within the C. crescentus genome. 
A genome wide microarray analysis of the Cau/obacter cell cycle revealed that 
approximately 150 RNA molecules are either directly or indirectly influenced by CtrA 
(18). However, ofthese genes, only 38 displayed the TTAA-N7-TTAA etrA consensus 
sequences in the 5' upstream non-co ding region of those genes (6). We therefore 
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analyzed the complete C. crescentus genome to address the frequency of CtrA TT AA 
motifs and their distribution within the chromosome (Figure 3). Assuming a random 
choice model, the statistical frequency of TT AA sequences within the C. crescentus 
genome (67% G-C content) predicts approximately 3000 TTAA sequences. However, 
the genome contains only 1200 sequences, suggesting this limitation has a regulatory 
significance. We narrowed our search to pairs ofTTAA sequences separated by 0-20 
nucleotides (Figure 3A). Of the 73 pairs identified, 66 (90%), mapped intergenically, a 
region that occupies less than 5% of the Caulobacter genome, and within 200 bp of93 
different open reading frames. Interestingly, this analysis also revealed that there are only 
15 precise TTAA-N7-TTAA consensus-binding sites within the entire C. crescentus 
genome, four of which are conspicuously located within Cori. This suggests CtrA 
utilizes a separate class of binding sites to regulate the remaining promoters within its 
regulon. A further analysis of the C. crescentus genome reveals the motB promoter may 
also fall into this category because of the sequence similarity to the CtrA Pl and P2 
promoters (Figure 3B). MotB ChlP profile shows a cell cycle pattern ofbinding similar 
to the ctrA promoter in both WT and CtrA.13 expressing cells. The pattern ofbinding to 
motB in WT cell is also consistent with the cell cycle regulation of motB (6). 
Phosphorylation does not stimulate binding ofCtrA to the Pl and P2 promoters. 
We know that CtrA P11P2 use CtrA in vivo (11), yet this DNA lacks TTAA-N7-TTAA 
organization. Instead PIIP2 have alternate groupings ofhalf sites (Figure 4A) Since the 
ctr A promoters demonstrate an altered arrangement of CtrA binding sites, we wished to 
determine what role phosphorylation and co-operativity played in recruiting CtrA to this 
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promoter. A previous report demonstrated that CtrA bound to two distinct regions of the 
ctrA promoter (11). However, these experiments did not address how CtrA 
phosphorylation influenced binding to Pl and P2. We performed DNase 1 footprint assays 
to determine the binding affinities ofphosphorylated (CtrA~P) and unphosphorylated 
CtrA to bothpromoters (Fig 4B). CtrA and CtrA~P bind Pl and P2 with low and equal 
affinities having a dissociation constant (KcJ) of ~300 nM. These results were unexpected 
since we have shown previously that CtrA phosphorylation increases binding to five sites 
within the origin of repli cation (16). Therefore, as a control, we performed parallel 
DNase 1 footprint experiments with the same CtrA~P preparations from Figure 3B. 
These footprints yielded the anticipated increase in DNA binding affinity of CtrA~P to 
sites!! and Q of Cori (Fig. 4C), but not to Pl and P2 of ctrA. 
Abundance of cellular CtrA protein 
The binding constants of the ctrA promoters suggest cellular abundance ofCtrA must be 
high to favor binding. We carefully measured the copy number of CtrA molecules per 
cell in synchronous cultures by comparing immunoblots of C. crescentus celllysates with 
those of purified CtrA protein. Figure 50utlines the methodology for quantitating CtrA in 
cells. Figure 7A shows a western blot titration ofpurified CtrA (2-20 ng) which was 
subsequently scanned and quantitated using Scion Imager software. The resulting 
densitometries were plotted and the slope determined from the linear region of the curve 
(Figure 5B). Figure 5C outlines a western blot of CtrA protein during the C. crescentus 
cell cycle. Densities from representative time points (t=O, t=120) were utilized for 
calculating the number of protein molecules per cell. Quantitation of cellular CtrA 
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reveals approximately 9000±1000 copies ofCtrAicell in swarmer (Figure 5C, t=O min) 
and pre-divisional cells (Figure 5C, t=120 min) and supports previous findings (26). 
These data also demonstrate that in vivo CtrA concentrations are in excess of the 
predicted dissociation constant for CtrA binding to Pl and P2 (~0.3 J.lM) and suggests 
that in cells expressing CtrA~3, both promoters would be continuously occupied during 
the cell cycle without altering promoter activity. 
Cell cycle occupancy of the ctr A promoter. 
The phosphorylation-state-independent binding ofCtrA~P to the ctrA promoter further 
suggests that occupancy may be the principle requirement for promoter regulation in vivo 
and that CtrA proteolysis alone would function to control these promoters. We analyzed 
occupancy of the ctr A promoters using a chromatin immunoprecipitation assay (Figure 6) 
which identifies protein-DNA interactions in growing cells that have been cross-linked 
with formaldehyde and lysed. Protein-DNA complexes are then immunoprecipitated with 
a specifie antibody and the recovered material is gently heated to remove the crosslinks. 
The recovered DNA is then amplified by PCR and quantitated. Using synchronized C. 
crescentus, we investigated the fate ofCtrA and CtrA~3 at the ctrA promoter (Figure 
7 A). Growing cells were sampled at t= 0 (swarmer), 45 (stalk), and 100 minutes 
(dividing cells) and immediately crosslinked with formaldehyde (see Methods). After 
recovery ofDNA, samples were serially diluted and amplified with ctrA promoter-
specifie primers. Figure 7B and C provide a representative snapshot of the qualitative 
and quantitative data used to calculate the results in Figure 7 A. Figure 7B demonstrate 
the agarose gel profile for undiluted and 1:8 diluted immunoprecipitated and mock 
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immunoprecipitated PCR reactions for each of the three time points measured. After 
scanning and measuring of gel signal densitometry, the slopes of the seriaI dilutions for 
mock and immunoprecipitated material were plotted (Figure 7C) and the ratio of the 
slopes reported (Figure 7 A). For simplicity, the plot of t= 0 min (WT) was used for this 
example. Results indicate (Figure 6A) the occupancy of the ctrA promoter by CtrA is cell 
cycle regulated in wild type cells however in CtrA~3 expressing ceIls, CtrA occupies the 
ctr A promoter constitutively and we next investigate how constitutive binding to ctr A 
influences promoter activity. 
A stable CtrA allele does not alter the cell cycle regulation of the Pl and P2 promoters. 
In figure 8A, the Pl and P2 promoters of ctr A were investigated separately and the affect 
ofWT CtrA and CtrA~3 measured. Using synchronized C. crescentus, cells were pulse-
labelled with S-35 and beta-galactosidase under control of either the Pl or P2 promoter 
were immunoprecipitated at various time points and the relative radioactive intensities 
plotted. Western blots ofCtrA and CtrA~3 were used to track protein abundance during 
the cell cycle (Figure 8B). In Figure 8A (left), the Pl promoter demonstrates maximal 
activity at approximately 50 minutes corresponding to an absence of CtrA protein (Figure 
8B top panel). However, upon the reemergence ofCtrA (60 min), the Pl promoter is 
rapidly suppressed. In CtrA~3 expressing ceIls, CtrA is constitutively expressed however 
the timing of Pl is not greatly influenced however the transactivating potential is reduced 
by approximately 25%. P2 activity (Figure 8A, right) is stimulated later than Pl with 
maximal activity around 150 min followed by rapid suppression prior to cell division. 
Once again the temporal control of P2 in WT and CtrA~3 expressing cells is not 
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influenced although the maximal output of P2 in CtrA~3 ceUs is reduced by ~ 20%. The 
reduction ofpromoter activity in CtrA~3 expressing ceUs may be a result of the over-
abundance of CtrA~3 in these ceUs. In our experimental system, CtrM3 is under control 
of the heterologous xylX promoter and non-physiological expression levels of the 
transgene are achieved in the presence of xylose (data not shown). In order to limit 
unwanted synthesis ofCtrA~3, ceUs were grown in glucose to achieve basallevel 
expression from this promoter. 
CtrA binds upstream ofmotB in vivo. In an attempt to identify other promoter regions 
that might have similar structure to the CtrA promoter, a sequence analysis of the 
Cau/obacter genome revealed a region, upstream of motB, similar in respect to the ctrA 
promoter (Figure 9 A). The striking homology of the putative promoter region of motB 
suggests it may also interact with CtrA in a ceU cycle dependent fashion. This region 
showed a selective interaction with both CtrA and CtrM3, evidence that may suggest 
motB is under CtrA regulation. In a previous study which measured the global 
transcription patterns of 3000 open reading frames in the Cau/obacter genome, motB 
demonstrated a cell cycle pattern of transcription (18). In a transcriptional analysis of the 
CtrA regulon (6) motB was not identified as a target of CtrA regulation. However in this 
study nearly 20% of the putative promoter regions that contained DNA consensus 
sequences for CtrA were also not identified. 
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DISCUSSION 
The response regulator CtrA is part of a transcriptional hierarchy that regulates the 
expression of numerous genes including those responsible for flagellar biosynthesis and 
assembly (2). The major genetic deterrninant for CtrA regulation is the organization of 
CtrA consensus sequences TTAA-N7-TTAA. Analysis ofTTAA distribution indicates 
an intergenic bias, most favorably within 5' upstrearn non coding region ofmany genes 
(Figure 3). 
The ctr A Promoter 
It has been previously demonstrated that CtrA~P has increased affinity for five consensus 
binding sites within the Caulobacter origin ofreplication (16). However, while a few 
promoters contain perfect consensus sequences such as the fisZ promoter (27) many of 
the putative promoter regions ofCtrA-regulated genes have either degenerate consensus 
sequences or binding sites of varying length (Nt 7). One exarnple is the jliX promoter 
which houses only a single TT AA half site yet appears sufficient for binding and 
transactivation by CtrA (28). AIso, the che promoter which controls the expression of the 
major chemotaxis operon as weIl as a novel gene cagA lack good CtrA binding sites but 
are directly dependent on CtrA for expression (29). 
CtrA expression is autoregulated through its binding to two promoters (11). The pattern 
ofbinding and the role of ctrA regulation are markedly different within these two 
promoters. It has been demonstrated that binding ofCtrA to Pl represses transcription of 
ctrA. However, new evidence suggests the methylation state of Pl (30) and the binding of 
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the newly identified response regulator GcrA (31) play an important role in controlling 
the activity of this promoter in vivo. In contrast to Pl, CtrA binding to P2 stimulates 
transcription prior to cell division. Our DNaseI footprint results demonstrated that CtrA 
phosphorylation did not increase binding for Pl or P2 in vitro. These findings support 
previous reports that phosphorylation does not enh~ce binding to DNA by PhoB a 
member of the OmpRIPhoB subfamily but rather strengthens protein-protein interactions 
with the sigma70 subunit of RNA polymerase (32). We also believe that phosphorylation 
ofCtrA plays an allosteric role in recruiting RNA polymerase to the ctrA promoters either 
through changes in DNA topology or stability of protein-protein interactions. The in vitro 
Kd for CtrA and CtrA~P at the ctrA promoter is poor (~300nM) and the high cellular 
abundance ofCtrA would favor binding to Pl and P2 in vivo. In swarmer cells, when 
CtrA is most abundant (~104 copies/cell) it is also phosphorylated and active (33). 
Paradoxically, the P2 promoter, which is activated by CtrA, is selectively repressed in 
swarmer cells and suggests that this promoter is reguIated differently in swarmer cells. 
It has been previously suggested that derepression of the Pl promoter is achieved through 
proteolytic turnover of CtrA during stalk cell differentiation (2). However, in our 
experiments, proteolysis is dispensable and cells expressing stable CtrM3 did not alter 
cell cycle timing of the Pl promoter. Our data is supported by previous observations that 
stabilization of CtrA, in a DivK TS mutant grown at non permissive temperature, also fails 
to alter the temporal regulation of the ctrA promoter (34). 
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The work presented here along with our previous work (16) identify at least three modes 
of CtrA binding (Figure 10). The first mode encompasses CtrA binding sites a and b in 
Cori whereby CtrA phosphorylation stimulates co-operativity between adjacent sites. The 
second mode, which defines most response regulators, is increased affinity for DNA upon 
phosphorylation such as binding sites a-e in Cori including the flagellar and ccr M 
promoters (35,36). The third mode and the one revealed here does not stimulate CtrA 
binding upon phosphorylation and may be restricted in part to promoters having atypical 
binding sites such as the ctrA promoter. These three modes ofCtrA binding reveals that 
simple recruitment by phosphorylation is too limited a view for understanding how CtrA 
functions at specifie DNA loci. Our data suggest the static occupation of CtrA within a 
promo ter is not sufficient for regulation of transcription and that phosphorylation 
provides an allosteric mechanism for communicating with other components of the 
promoter complex such as the RNA polymerase holoenzyme. 
A New Model of ctrA-regulated Gene Transcription 
We demonstrate and confirm (26) that the abundance of CtrA greatly exceeds the binding 
constants for weak CtrA binding sites (i.e. the ctrA promoter) and that CtrA constitutively 
occupies these sites when over expressed without disrupting temporal gene expression. 
Previous work has shown that a constitutively active CtrA allele (CtrAD51E) failed to 
demonstrate increased binding to Cori in vitro yet provided an necessary in vivo functions 
when expressed in a CtrA null mutant (5). This view of CtrA regulation suggests the 
increased affinity of phosphorylated CtrA for target DNA may be dispensable. These 
data suggest phosphorylation pro vides distinct biochemical properties extending beyond 
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the mere requisite for DNA binding. The standard transcriptional mode1 states that 
phosphorylation of transactivators is the primary signal for focusing biological activity 
because phosphorylation shifts the equilibrium towards the bound state ofthe protein for 
its target sequence(s). The model presents a static view of transcription and suggests 
transcription signaIs are based on the role of transcription factors as spatial markers. Our 
data presents an allosteric model of transcription (Figure Il) and suggest that occupancy 
alone is not sufficient to repress Pl transcription, and likewise, it is not sufficient to 
activity transcription at P2. Under this model, phosphorylation permits dynamic 
communication (new surface contacts) with other components of the transactivation 
complex to promote or repress transcription. In Cori, CtrA is a repressor of transcription 
and replication (1) and suggests a similar allosteric model may functions at Cori. Ifthis is 
correct, CtrA phosphorylation may be necessary to permit the recruitment of other origin 
binding proteins necessary to control transcription and replication within this region of 
the chromosome. 
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Table 2. Bacterial strains and plasmids 
Strainlp lamid 
E.coli 
BL21 
S17-1 
c.crescentus 
NA1000 
Plasmids 
pTrc7.4 
pKJH5 
pRK290lacZ 
pLS2747 
pLS3146 
pLS3147 
pBluescript II 
pGM1877 
Genotype or description 
F minus, Ion, ompT, hsdSB 
E.coli 294::RP4-2(Tc::Mu) (Km::Tn7) 
wild type Caulobacter crescentus 
His6 N-terminal tagged CtrA prote in 
MBP-EnvZ kinase protein fusion 
RK2-based lacZ transcription reporter 
CtrAA3 fused to the xylose promoter 
pRK290lacZ::ctrA promoter Pl 
pRK290lacZ::ctrA promoter P2 
SK( +) cloning vector 
Cori HindIII at +214 to Xhol in pSK( +) 
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Reference 
Quon et al. (1996) 
Huang and Igo (1996) 
Gober and Shapiro (1992) 
Domian et al (1997) 
Domian et al (1999) 
Domian et al (1999) 
Figure 1. The Caulobacter cell cycle. The cycle begins with a non-replicating 
chemotactic swarmer cell (Sw) which differentiates to the replicating stalk cell (St). 
Growth of the pre-divisional cell produces a new flagellated swarmer pole. Segregating 
chromosomes are positioned in both the non-replicating swarmer (rep-) and the 
replication competent stalk cell (rep+). Shading indicates the temporal and spatial 
presence of the CtrA response regulator. 
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Figure 2. Electromobility shift assays using a CtrA-regulated promoter. A) 
Diagramatic representation of expected electromobility gel shift of a His6-CtrA and GST-
CtrA dimer in vitro. His6-CtrA homo-dimers (first column) and GST -CtrA homo-dimers 
(second column) have significantly different molecular weights and show distinct 
electromobilities. Combinations of His6-CtrA and GST -CtrA should produce hetero-
dimers with an intermediate electromobility and easily distinguished from the two homo-
dimers (third column). B) Electromobility shift assays of His6-CtrAiGST -CtrA 
mixtures. Using a fixed concentration of His6-CtrA (1 Jlg/ml) increasing concentrations 
of GST -CtrA (Jlg/ml) were added (lanes 2-10). Lane 1 represents a no protein control 
inc1uding unmixed His6-CtrA (lane 11) GST-CtrA (lane 12). C) Comparison of His6-
CtrA and GST -CtrA binding to a test promoter in which the leftward TT AA has been 
disrupted (mutant promoter). Lanes 7 and 8 showing the electrobility shift for His6-CtrA 
and GST -CtrA binding to the wild-type promoter. 
130 
A 
B 
c 
GST -CtrA Dimers 
GST -CtrAlHiss-CtrA Dimer 
Hiss-CtrA Dimers 
--
- .-... - Free Probe 
+ + +++ + + ++ +-
.. 
.... 
1 2 3 4 5 6 7 8 9 lO Il 12 
GST-CtrA Hiss-CtrA 
-=~~==~~-=~~==~~ 
.............. _. $ • 1. 
1 2 3 4 5 6 
Mutant Promoter 
His6-CtrA 
GST-CtrA 
• 
Ta ........ 
7 8 
WT -Promoter 
Figure 3. Genomic distribution ofputative CtrA binding sites. A). The relative spacing 
(1-20 nt) distribution of 73 pairs of CtrA half site motifs (TTAA) identified in the 
Caulobacter genome. The quantity of each group is shown (shaded bars) alongside the 
intergenic frequency (open bars) within the genome. 
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Figure 4. Dnase 1 Footprint ofe. crescentus ctrA promoters Pl and P2. (A) Schematic 
representation of the Pl and P2 promoters of ctrA. Boxes indicate TT AA half sites and 
their relative orientation within the promoter region. Reporter constructs were designed as 
outlined in material and methods. (B) a 32p end labeled XmnI fragment of the ctrA 
promoter (20,000 CPM) was incubated with increasing concentrations of phosphorylated 
and unphosphorylated wild type CtrA protein (0.2-1 uM). (C) DnaseI footprint control 
experiment of Cori using the same phosphorylated CtrA preparation. 
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Figure 5. Quantitation of CtrA prote in in cells. A) Western blot of purified CtrA 
protein (2-20ng) B) Signal intensity for purified CtrA was determined by densitometric 
analysis and plotted and the slope of the line calculated. C) Representative western blot 
of CtrA cell cycle regulation in synchronized Caulobacter cells. Data from three 
separate experiments were pooled and the number of CtrA protein molecules per cell was 
determined at t=O and t=120 (see results) 
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Figure 6. Schematic of the Chromatin ImmunoPrecipitation Assay (ChIP). 
Exponentially growing cells are treated with formaldehyde to cross prote in and DNA in 
vivo followed by celllysis and sonication to reduce the genomic DNA into fragments of 
500-1000 bp. The cross-linked DNA is immunoprecipitated with the appropriate 
antibody and a mock IP (no antibody) is run in paraUel as a negative control. Bound 
antibodies are recovered by protein A sepharose separation and washed extensively with 
immunoprecipitation buffer and finally resuspended in TE. Cross-links are reversed 
ovemight at 65°C the resulting supematant is preserved for competitive PCR. 
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Figure 7. Chromatin immunoprecipitation of the ctr A promoter in synchronized 
Caulobacter ceUs. Synchronized ceIl populations of Caulobacter expressing either WT 
CtrA or CtrAô3 were fixed by formaldehyde and protein crosslinked genomic DNA was 
immunoprecipitated with CtrA antisera. A) Histogram demonstrates the ratio of slopes 
for mock and immunoprecipitated PCR titration curves calculated from SC. B) 
Photograph images comparing the qualitative intensities of mock and immunoprecipitated 
PCR reactions for CtrA and CtrAD3 expressing ceIls at t=O, 4S, and 100 min. Each time 
point shows a representative comparison of undiluted and 1:8 diluted signaIs. C) 
Densitometry of each titration point in each PCR reaction was quantitated and plotted as a 
function of pixel density. A representative plot of t=O for WT ceIls is shown. 
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Figure 8. Cell cycle regulation of the cirA promoter. (A) Independent expression 
profiles for the Pl and P2 ctrA promoters in synchronous Cau/obacter preparations. 
Beta-galactosidase was immunoprecipitated from cens pulse-Iabeled with 35S-methionine 
and quantitated by phosphor-imaging. Transactivation profiles of the Pl promoter (left 
panel) and the P2 promoter (right panel) in wild-type Cau/obacter cens expressing either 
endogenous or proteolytically stable CtrM3. Units are expressed as relative signal 
intensity in comparison to WT cens (B) Western blot analysis of CtrA (top panel) and 
CtrA~3 (bottom panel) expression in synchronized cells. 
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Figure 9. CtrA binds upstream of motB in vivo. Similar to Figure 5, CtrA chromatin 
immunoprecipitation experiments were performed and the upstream (promoter) region of 
motB was analyzed by PCR in WT cells or cells expressing CtrAD3. As for Figure 5, 
histograms were calculated from titration curves for mock and immunoprecipitated 
samples and signal (foid over mock) is equal to the ratio of the siopes from each curve. 
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Figure 10. CirA demonslrates three modes ofDNA binding. (A) The modes ofCtrA 
binding are outlined based on this work and previous findings. 1) CtrA phosphorylation 
stimulates increased affinity for DNA (binding sites a-e in Cori). 2) CtrA phosphorylation 
stimulates cooperativity between adjacent binding sites (binding sites a-b in Cori). 3) 
Phosphorylation does not stimulate binding to the cirA, and possibly other, promoters 
(this work). 
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Figure Il. Allosteric model ofCtrA-regulated transcription. Occupancy ofCtrA binding 
sites by CtrA is not the minimal signal for promoter regulation a feature which has been 
previously demonstrated for NR1 a regulatory component of nitrogen assimilation in E. 
coli (37). A) Unphosphorylated CtrA is not capable offorming stable complexes with 
DNA (left) and therefore is unlikely to stimulate transcription. Only upon 
phosphorylation (right) can CtrA interact with target DNA and stimulate transcription. 
This suggests that activity of the ctrA promoter is dependent on the DNA binding of 
CtrA. B) Continuous occupation ofCtrA at the ctrA promoter is tolerated and does not 
disrupt the cellcyc1e regulation ofthis promoter (this work). The model proposes 1) that 
phosphorylation provides new surface contacts necessary for the stimulation of 
transcription and 2) that binding to DNA in the absence of phosphorylation does not 
stimulate transcription. 
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TRANSITION II 
The analysis of CtrA/DNA interactions in Chapter II revealed that the form of CtrA 
consensus binding site clearly dictates a particular mode of CtrA binding. A third, low 
affinity, mode of CtrA binding at the cIrA promoters are still cell cycle regulated when a 
non-proteolyzable mutant of CtrA (CtrA~3) continuously occupies the se promoters. This 
suggests new biochemical properties are needed to account for CtrA activity at the cIrA 
promoter. We also extend this observation to work published by Dr. Rania Siam who 
showed that a constitutively active CtrA mutant (CtrA D51E) demonstrated an 
unexpected low affinity for CtrA binding sites at Cori and yet provided all necessary 
functions in vivo. Therefore, constitutive CtrA occupation of a promoter (like the cIrA 
promoter) or a change in the CtrA protein itself(D51E) that disrupts DNA affinity, failed 
to demonstrate the expected change in phenotype suggesting these other properties may 
have been preserved. 
Chapter III begins to evaluate how the temporal occupation of CtrA at the Caulobacler 
origin of replication is regulated and whether CtrA occupation at Cori influences the 
recruitment of other factors important for the coordination of repli cation initiation. In 
doing so 1 hope to begin to uncover those "other properties" alluded to Chapter II and to 
develop a better understanding ofhow a response regulator executes its function in vivo. 
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ABSTRACT 
In dividing ceIls, chromosome replication is restricted to once per cell division suggesting 
repression and activation of DNA replication is achieved through alterations in the three-
dimensional state of protein/DNA complexes. Therefore, coordination of nucleoprotein 
dynamics with DNA replication suggests a higher level of regulation and the 
identification of chromosome remodeling factors such as protein chaperones are of great 
biological significance. The dimorphic bacterium Cau/obacter crescentus displays a 
developmentally-regulated cell cycle and mode of replication reminiscent of eukaryotes 
and their more sophisticated developmental program (1). Replication in Cau/obacter is 
regulated by the ClplHsp 100 chaperone ClpX that directs the turnover of the origin 
binding protein CtrA (Figure 2A) (2), a repressor of chromosome replication (3). We 
provide in vivo evidence that ClpX transiently engages the chromosome replication origin 
(Cori) at the Gl to S transition and that ClpX-Cori interactions are CtrA-dependant since 
increased CtrA binding enhances ClpX recruitment. Further, this complex precedes the 
release of CtrA from Cori, providing a brief window during which replication complexes 
can assemble at Cori and initiate chromosome replication. These data, in combination 
with recent work (4), provide strong evidence that the preassembly ofprotein complexes, 
hence the rearrangement of chromatin structure by chaperones is a necessary step in the 
commitment to DNA replication. 
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INTRODUCTION 
Chromosome replication is primarily controlled during initiation. Although the control 
mechanisms for chromosome replication are not clearly understood, CUITent models 
predict that replication altemates between states that first promote and then repress 
chromosome repli cation in coordination with cell growth and development. Therefore, 
replication initiation requires "switch-factors" to supply essential activities for 
remodeling proteins at replication origins. Chaperones have been reported to play an 
important role in plasmid and phage replication. For example, the ClpX chaperone 
promotes RK2 plasmid replication by disaggregating dimers of the replication protein 
TrfA to the active monomer state (5). Replication initiation in À requîres a phage-
encoded O-protein that recruits the À P protein in complex with the DnaB helicase, to ori-
~ (6). However, DnaB activity is suppressed by the À P protein. The DnaK chaperone 
functions to releases P thereby stimulating helicase activity and subsequent DNA 
replication (7). In Mu phage, DNA replication is preceded by a unique transposition 
event requiring the MuA transposase (8). The ClpX chaperone helps stimulate Mu 
transposition by targeting MuA repressor for proteolysis by ClpP (9). Upon 
transposition, ClpX remodels the MuA-DNA complex promoting a shift from 
transposition to replication initiation (10,11). Therefore ClpX displays separate activities 
in vivo; One to promote proteolysis by targeting substrates to the ClpP protease 0 .. -0) and 
the second as an independent chaperone altering the activity of replication proteins (ie 
MuA, TrfA). However a role for chaperones in controlling chromosome replication 
remains incomplete. 
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The aquatic bacterium Caulobacter crescentus is an important cell cycle model to address 
how the coordination of DNA replication is coupled with cell cycle development (Figure 
1). Chromosome replication in Caulobacter is regulated through positive and negative 
mechanisms originating at its single origin of replication (Cori) (Figure lB). DNA 
replication (S-phase) is restricted to stalked cells (Fig. lA) and depends on the essential 
activity of the initiator protein DnaA (12). Consequently, replication in Caulobacter 
occurs once per cell cycle (13) and repression is achieved in swarmer cells by the 
response regulator CtrA. Binding sites for both CtrA and DnaA are present within Cori 
(Fig. lB) and the opposing activities of CtrA and DnaA are coordinated by periodic 
proteolysis through ClpP (2,14). Cell division produces two morphologically distinct 
progeny, the swarmer and stalked cell types whose underlying genetic programs are also 
distinct. Swarmer cells inherit a chromosome which cannot initiate replication while the 
stalk cell chromosome quickly re-initiates replication. This basic difference in replication 
potential between swarmer and stalk cells suggests the capacity to initiate replication is 
based on the inheritance of a specifie nucleoprotein complex. As mentioned above, 
repression of chromosome replication at Cori is coordinated in swarmer cells by the 
response regulator CtrA (Fig. lA) (15) and consequently binding to Cori by CtrA is not 
uniform (16) suggesting CtrA-Cori complexes may form a unique chromosome domain 
in vivo (inhibisome). Disassembling ofthis CtrA-Cori complex at the start of S-phase 
may represent an important cue for the initiation of chromosome replication. 
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Surprisingly, the over-expression of a non-proteolyzable variant of CtrA, CtrM3, does 
not perturb the cell cycle or disrupt initiation of chromosome replication (3). These 
results imply that CtrA proteolysis is a dispensable feature for controlling chromosome 
replication. In this study we employ a chromatin-immunoprecipitation assay using 
formaldehyde crosslinking to investigate the temporal binding of CtrA and CtrA~3 to 
Cori in vivo. We have found that CtrA is dynamically localized to Cori and CtrA 
dissociation from Cori coincides with the swarmer to stalk transition step and the 
commencement of S-phase. Of significant interest is the recruitment of the molecular 
chaperone ClpX to Cori prior to S-phase. 
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MATERIALS AND METHODS 
Chromatin Immunoprecipitation 
Caulobacter cells were grown at 30°C in minimal media and synchronized by differential 
centrifugation in a ludox silica matrix (Sigma-Aldrich) (). CeUs were released into fresh 
media at a density of OD660 = 0.2 and allowed to progress through the cell cycle. ChIP 
assays were performed based on previously published reports. In brief, approximately 2 
OD660 units of ceUs were incubated with 1 % formaldehyde buffered in 100mM sodium 
phosphate (pH 7.6). Cells were incubated at room temperature for 10 min and placed on 
ice for 30 min. CeUs were coUected by centrifugation and washed twice with sodium 
phosphate buffer (O. lM, pH 7.6) to remove excess formaldehyde. CeUs were resuspended 
in BugBuster ceUlysis reagent (Novagen) and incubated at 37°C for 30 minutes. Cells 
were washed with 2X IP wash buffer (100 mM Tris pH 7, 300 mM NaCl, 2% Triton X-
100) along with PMSF (lmM final concentration) and incubated an additionallO minutes 
at 37°C. Celllysis was confirmed by microscopy. Lysates were subsequently sonicated 
three times (ten second pulses at 40% power output) on ice to reduce genomic DNA to 
500-1000bp fragments. Samples were centrifuged and split into immunoprecipitation (IP) 
and Mock IP fractions. CtrA or ClpX rabbit IgG was added to each IP sample and 
incubated ovemight at 4°C. 25ul of a 50% slurry of protein A sepharose (Sigma-Aldrich) 
was added to both the IP and Mock IP fractions. Samples were incubated 1 hour at room 
temperature with gentle rocking. Sepharose beads were washed five times with IX IP 
wash buffer and twice with TE Buffer pH 8.0 (l0 mM Tris, 1 mM EDT A, pH 8.0). 
Washed beads were resuspended in 50ul TE buffer and formaldehyde cross links were 
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reversed by heating for six hours at 6SoC. Samples were collected by centrifugation and 
PCR was performed without further processing. 
Western Blotting 
CtrA and ClpX western blots were performed using standard denaturing 10% SDS-PAGE 
and transfer to PVDF (HyBond, GE Healthcare). Membranes were blocked in 5% non-
fat skim milk in tris buffered saline (TBS) and immunoblots were carried out using a 
1 :5000 dilution of the CtrA rabbit polyclonal primary antibody, provided by Lucy 
Shapiro, Stanford California, al: 1 0,000 dilution of ClpX primary antibody provided by 
Urs Jenal, Biozentrum, Basil Switzerland. Primary was conjugated with al: 1 0,000 
dilution of the goat anti rabbit HRP secondary (Chemicon). Membranes were washed 
repeatedly in fresh TBS buffer and developed using ECL+ immunoblotting detection 
reagents (GE Healthcare). 
Primers and PCR 
The oligonucleotides used to amplify Cori are as follows; Cori ChIP Primer A (5'-
TTGAAGGAGGGAGCGGAAGG-3'); Cori ChIP Primer B (5'-
TTGTCCAAAGACGCGGAACG-3') which amplifies a 223bp region in Cori. We 
quantitated the relative amount of input DNA from IP and Mock IP fractions using a 
reference DNA carrying a 48bp deletion from a plasmid cloned Cori fragment (Fig. 2A). 
We spiked ail PCR reactions with seriai dilutions of the competitor to determine the 
ration of the IP signal to Mock IP signal. Densitometry scans of the PCR gels were 
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performed and the results plotted as relative signal to reference DNA concentration. The 
ratio of the slopes for the IP and Mock IP signaIs were plotted as histograms over the 
period of the cell cycle measured (see Figure 3). 
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RESULTS AND DISCUSSION 
In Caulobacter, CtrA and Cori are co-localized to the celI poles during the swarmer to 
stalk transition (17-19) at which time CtrA is cleared from Cori prior to DNA replication. 
Two models account for the loss of CtrA localization at Cori. One, proteolysis of 
unbound CtrA shifts the equilibrium of Cori-bound CtrA towards the unbound state. 
Two, CtrA is displaced from Cori by a remodeling factor that is able to enter Cori and 
destabilize CtrA prior to replication initiation (Figure 28). Since ClpX is the chaperone 
responsible for directing CtrA proteolysis we wished to understand whether ClpX and 
CtrA colocalize to Cori in vivo. Chromatin immunoprecipitation (ChIP) assays alIow for 
sensitive detection of protein-DNA complexes by cross-linking proteinIDNA complexes 
in growing cells. During ChIP assays, complexes are recovered by immuno-antibody 
precipitation and the specific DNA sequences are identified by polymerase chain reaction 
(PCR). Using ChIP assays we measured the in vivo occupancy of both CtrA and ClpX at 
Cori in synchronized ceU populations. Our data show that CtrA occupies Cori in vivo 
(Fig. 4A) and tracks the bulk protein concentration in the ceUs (Fig. 48). At the 
commencement of the ceU cycle (t=O, Figure 4A), we observe strong binding of CtrA to 
Cori in swarmer ceUs followed by a rapid loss of CtrA binding to Cori at the swarmer to 
stalk transition phase, coincident with the start of DNA replication begins (t= 30, 45 min; 
Fig 4A). This change in CtrA binding to Cori parallels protein abundance as measured 
by western blot analysis (Figure 48). Cori remains free of CtrA for an approximate 
period of 45 minutes. This window while sufficient for the initiation of replication 
suggests control of re-replication during this period may be under a CtrA-independent 
mechanism such as DnaA inactivation by RIDA (Chapter 4). The resynthesis of CtrA 
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protein in predivisional cells (t= 60) coincides with the reassociation of CtrA to Cori. 
However ClpX prote in, which is present throughout the cell cycle (Fig. 4B) and evenly 
distributed in both the replicating and non-replicating cell types only contacts Cori in 
swarmer cells prior to the start of S-phase (t= 0, 15 min: Figure 4A). The results in 
Figure 3 suggest ClpX binding to Cori may be CtrA dependent. To address the role of 
CtrA in recruiting ClpX to Cori we expressed the non-proteolyzable CtrA~3 allele in 
wild-type cells. This protein binds Cori with higher affmity (Fig. 5A) and is expressed 
throughout the cell cycle (Fig. 5B). In swarmer cells, CtrM3 is expressed in combination 
with wild type CtrA and shows a considerable increase in Cori binding over WT cells 
alone (Figure 4A). However, regardless of the persistence of CtrM3, the prote in is 
'actively' displaced from Cori at the commencement of chromosome replication (t= 55 
min: Figure SA). Although CtrM3 is displaced, the CtrA-free window is reduced to less 
than 15 minutes. While cells grow normally under these conditions (data not shown), 
the increase in CtrAA3 binding to Cori in swarmer cells stimulates a corresponding 
increase in ClpX binding to Cori, providing strong evidence that ClpX recruitment to 
Cori in swarmer cells is likely CtrA-dependant. 
Our data clearly show that CtrA and the ClpX chaperone interact with the Caulobacter 
origin of replication in a cell cycle dependent manner and that ClpX represents a new 
member of origin binding proteins. The data suggest that important remodeling events 
drive the transition from repression to activation of replication initiation and suggest CtrA 
is actively removed from Cori during the swarmer to stalk transition and this activity is 
not dependent CtrA proteolysis (i.e. CtrM3). In this context, it is ClpX chaperone 
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activity and not proteolysis that provides the necessary activity required to clear Cori of 
CtrA and permit replication initiation. It is not clear why so many CtrA binding sites 
are found within Cori (5 binding sites) but CtrA binding to Cori is not uniform (16) and 
suggests the three dimensional characteristics of a CtrA-Cori complex may be ordered 
asymmetrically. A similar asymmetry mode! has also been proposed for the MuA 
transposase (11) which forms asymmetric complexes with target DNA sequences. The 
MuAlDNA complexes are disassembled by ClpX to permit replication of Mu phage 
DNA. (20). Therefore chromosome replication would require the disassembly of the 
CtrA-Cori complex and we suggest ClpX could serve this role. Recent work identifies 
that ClpX and CtrA colocalize at the stalk pole through a newly identified specificity 
factor RcdA (4) and previous work has also shown that Cori is component of the stalk 
pole complex (19). The work presented here provides an important link between targeted 
protein complex assembly and Cori replication. These data also suggests that the 
chromosome origin is remodeled throughout the cell cycle and it is through these 
remodeling events that chromosome replication is permitted. 
We further suggest that CtrA-mediated recruitment of ClpX to Cori is not only required 
for altering CtrA occupancy at Cori but may stimulate contact with other origin binding 
proteins such as the initiator protein DnaA. Cau/obacter crescentus displays a weIl 
defined ceIl cycle which couples DNA physiology with cellular morphology and restricts 
chromosome replication to once per cell cycle (13). The conspicuous appearance of the 
ClpX chaperone at a unique stage in the cell cycle (G I-S) at a specific region on the 
chromosome (Cori) reveals a novel feature of replication initiation in Caulobacter. The 
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conserved nature of ClpX and chaperones in general among eubacteria suggests similar 
remodeling activities are present. Consequently, in Cau/obacter, Cori independently 
supports autonomous plasmid replication (21). Paradoxically these plasmids over 
replicate suggesting cell cycle controls are relaxed because specifie features, present in 
the chromosome, are missing from these plasmids or as 1 suggest, a specifie 
nucleoprotein structure is not faithfully inherited. Future work on the chromatin 
dynamics of the Cau/obacter chromosome may help address this paradox. 
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FIGURES 
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Figure 1. A) The Cau/obacter crescentus cell cycle. The cycle begins with a non-
replicating chemotactic swarmer cell (Sw) which differentiates to the replicating stalk 
cell (St). Growth of the pre-divisional cell produces a new flagellated swarmer pole. 
Segregating chromosomes are positioned in both the non-replicating swarmer (rep-) and 
the replication competent stalk cell (rep+). Shading indicates the temporal and spatial 
presence of the CtrA response regulator. ChIP primers indicated the relative position of 
the primer pair used to track in vivo occupation of CtrA at Cori. B) Conspicuous features 
of the Cau/obacter Origin of Replication (Cori). The five iterative CtrA binding sites, a 
single IHF binding site near CtrA binding site c as well as a putative DnaA box in the 
rightward half of Cori (open arrow) are shown. Cori is flanked by two open reading 
frames, hemE and Duj299 along with three promoters, weak (Pw), Strong (Ps) and P3. 
Aiso shown is the AT rich sequence where melting of the origin DNA occurs. 
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Figure 2. ClpX and the regulation ofCtrA proteolysis. A) In stalk cells, the hexameric 
chaperone ClpX targets CtrA through a recognition domain found in the C-terminal 
domain of CtrA, unwinds CtrA through the core of the ClpX ring structure and feeds the 
linearized protein into the ClpP protease. The CtrAL\3 alle1e has a specifie disruption in 
the ClpX recognition motif which prevents Clp-dependent degradation in stalk cells. B) 
Proposed model ofClpX-mediated dissociation ofCtrA from Cori. The first model (top) 
suggests ClpX can directly contact CtrA when it is bound to sites within Cori and remove 
it for degradation. The second model (bottom) suggests Cori-bound CtrA is not 
accessible (closed) and that the degradation of unbound CtrA drives the dissociation of 
CtrA from Cori. 
171 
1 I.-RD 
-+ Cori 223 bp 
+-
--
-+ 
Cori 175 bp ~ 
CJ +-
IP 
l 
Mock IP 
Reference DNA 
120 
100 -O-IP 
Relative 80 -o-Mock 
Intensity 60 
40 
20 
0 
-8 -7 -6 -5 -4 -3 -2 -1 0 
Reference DNA (-log) 
------+. 
Figure 3. Quantitation procedure for determining enrichment of the Cori signal in 
immunoprecipitated (lP) and mock immunoprecipitated (mock IP) fractions of 
synchronized Cau/obacter cell lysates. Mock IP and IP fractions were amplified by 
polymerase chain reaction. Both IP and Mock IP samples were spiked with an increasing 
dose of a reference DNA (RD) carrying a 48 bp deletion in Cori (top left panel). Both 
the target and reference DNA are recognized by the same primer set and therefore the 
reactions are competitive. Samples were separated by agarose gel electrophoresis (top 
right panel) and digitally images were quantitated. The relative pixel density of each band 
was determined and plotted as function of reference DNA concentration (bottom panel). 
For the histograms reported in Figure 3 and Figure 4 the relative PCR signal is the ratio 
of the slope for the IP and Mock IP competition curves. 
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Figure 4. CtrA and C/pX protein crosslinking to the chromosome replication origin 
(Cori) DNA during the Cau/obacter cell cycle. (A) Chromatin immunoprecipitation 
(ChIP) assays of CtrA and ClpX in WT Cau/obacter cells. Histogram shows the fold 
increase of the immunoprecipitated PCR signal over mock immunoprecipitated PCR 
signaIs for each time point (min) during the cell cycle. (B) Western blots indicate the cell 
cycle abundance of CtrA and ClpX. 
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Figure 5. CtrA~3 and CIpX protein crosslinking to replication origin (Cori) during the 
Cau/obacter cell cycle. (A) Chromatin immunoprecipitation (ChIP) assays of CtrA and 
ClpX in WT Cau/obacter cells expressing CtrA~3 non-proteolyzable allele. Histogram 
shows the foid increase of the immunoprecipitated PCR signal over mock 
immunoprecipitated PCR signal for each time point (min) during the cell cycle. (B) 
Western blots showing the combined cell cycle abundance ofWT CtrA and CtrA~3. 
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TRANSITION III 
The data presented in Chapters III revealed that Cau/obacter utilizes the chaperone, 
ClpX, to possibly remodel CtrA at the replication origin and prepare the chromosome for 
replication. In the absence of CtrA, the control of over-replication is of paramount 
importance because newly replicated origins and the factors that promote replication (i.e. 
DnaA) must be compartmentalized. In Chapter III, we saw that CtrA does not occupy 
Cori in early stalk cells when chromosome replication initiates. It has been well 
established that chromosome replication is negatively regulated by CtrA in swarmer cells 
however it is not c1ear what role CtrA plays in preventing re-replication in stalk cells. 
Chapter III demonstrates that CtrA is absent from Cori during the replicative stalked cell 
stage. This strongly suggests that other mechanisms are required to prevent re-replication 
in stalk cells. A genomic search for factors that might control replication revealed a 
surprising lack of the regulatory systems utilized by E. coli. For instance, homologs of 
SeqA (sequestration model) or the datA locus (titration model) are unknown. In E. coli, 
DnaN (heta clamp) and Hda (Homolog of DnaA) are part of a regulatory mechanism 
called Regulated Inactivation of DnaA (RIDA) and prevents re-replication by turning off 
DnaA activity. In Cau/obacter both homologs ofDnaN and Hda are present inc1uding a 
novel DnaA-like gene that appears restricted to the alpha-proteobacteria group. Chapter 
IV demonstrates that the components of RIDA are present and suggests Cau/obacter may 
utilize RIDA to control chromosome replication. 
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CHAPTER IV: CHARACTERIZATION OF TWO NOVEL DNAA-LIKE GENES 
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ABSTRACT 
Escherichia coli prevents excess chromosome replication through three negative 
feedback mechanisms that reduce activity of the initiator protein DnaA and thereby limit 
chromosome replication to once per cell division. We show that the most important of 
these mechanisms, regulated inactivation of DnaA (RIDA) may be present in the aquatic 
bacterium Caulobacter crescentus. Isolation oftwo Caulobacter DnaA like genes (Cdl-l 
and Cdl-2) genes show distinct homologies to the DnaA gene. Cdl-l, is homologous to 
the ATPase domain of the DnaA gene and the previously identified Hda, a component of 
RIDA in E. coli. The second gene, Cdl-2, is a small molecular weight protein (~14 kDa) 
restricted to the phylogenetic class of alpha-proteobacteria. Cdl-2 is homologous to the 
DNA binding domain of DnaA and suggests a novel mechanism (e.g. modified RIDA or 
another negative-feedback). Over-expression of either DnaA-homologue influences 
growth rate and cell morphology and suggests that precise levels of this protein are 
required for normal cell growth and development. These strains also show reduced levels 
of DNA biosynthesis suggesting Cdl-l and -2 might function in a RIDA-like manner to 
limit DNA replication. 
184 
INTRODUCTION 
In E. coli, replication appears to be controlled at the level of initiation and is repressed by 
three negative feedback mechanisms (Figure 1). The redundancy of the se mechanisms 
ensures replication is properly synchronized and coordinated (1). Immediately following 
replication initiation from the E. coli origin (oriC), cells are unable to re-initiate due to 
rapid sequestration of the newly replicated origins (2). This process involves SeqA, a 
prote in which confmes the hemi-methylated origin regions of the chromosome to the 
membrane and after a prescribed length of time the origins are released, allowing cells to 
enter another round of replication (reviewed in (3). A second mechanism is a locus of 
high affinity DnaA boxes within the E. coli chromosome, called datA, which titrates the 
replication initiator protein DnaA (4). The final control mechanism of replication 
initiation in E. coli is the hydrolytic turnover of DnaA-ATP to DnaA-ADP which disrupts 
the ability of DnaA to function within OriC (5). DnaA-ATP hydrolysis appears to be 
mediated by a multi-component process called Regulated Inactivation of DnaA or RIDA 
that includes the highly conserved OnaA-like gene hda (see Table 2) (6,7) and the heta 
clamp of DNA polymerase III (8). The role of the heta-subunit in RIDA suggests the 
terminal stages of replisome assembly provide checkpoint inhibition of OnaA initiator 
function (9). The three mechanisms presented here, sequestration, titration, and RIDA, 
work in concert to control replication initiation in E. coli. Recent work suggests RIDA is 
the dominant mechanism controlling hyper-initiation (9). Using a quantitative DNA 
microarray analysis, Camara et al (2005) measured the ratio of OriC-to-terminus regions 
(a measure of over-replication) in E. coli strains carrying separate seqA, datA, and hda 
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mutations. They demonstrated that hda, rather than seqA or datA mutants show a 
significant increase in the ratio of OriC-to-terminus signal. 
Caulobacter crescentus, which restricts the replication of its chromosome to once per 
cell, utilizes DnaA as a replication initiator (10). However, Caulobacter appears to lack 
the homologous features of SeqA and datA. The recent discovery of two DnaA-like 
genes, Cdl-l and Cdl-2 (see Figure 1), suggests a RIDA-like mechanism may be utilized 
in Caulobacter. Each round of asymmetric cell division pro duces two distinct cell types, 
a non-replicating swarmer cell and a stalk cell that immediately re-initiates chromosome 
replication. While CtrA binding to the replication origin (Cori) accounts for repression 
of chromosome replication in swarmer cells, it is not clear how re-replication is prevented 
in stalk cells that have already initiated chromosome replication. Chapter 3 outlined that 
CtrA does not occupy Cori in vivo during early S-phase. This data suggests, a 
mechanism, other than CtrA binding to Cori, may function to limit chromosome 
repli cation in stalk cells. Here we show that Caulobacter requires precise levels of two 
DnaA-like genes Cdl-l and Cdl-2 for proper cell cycle progression and over expression 
of either gene results in defects in cell division. The data demonstrate that DNA 
synthesis in these cells is significantly impaired, suggesting a RIDA mechanism exists in 
Caulobacter. 
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MATERIALS AND METHODS 
Strains and Growth Conditions 
AIl experimental strains were generated using the wild type NA1000, a synchronizable 
Caulobacter strain. AIl cultures were grown exponentially from OD660 = 0.1 at 30°C in 
minimal M2 media supplemented with either 0.2% glucose or 0.2% xylose. The open 
reading frames of the Cdl-1 (CC171l) and Cdl-2 (CC1058) were PCR amplified from 
genomic template DNA using Taq polymerase (GE Healthcare) and the following primer 
pairs (Invitrogen): 
T bl 1 PCR . a e . pnmers use dt r fy Cdl 1 d Cdl 2 o ampll - an -
cc171l-5' 5' -ATCGGAA TTCTTGTCCACCCAGTCCAAA-3' 
cc171l-3' 5' -ATCGGAATTCCGTCACGGCCTACCCCTCATC-3' 
ccI058-5' 5' -ATCGGAA TTCATGCTGGTTCAAGCCCTT -3' 
ccI058-3' 5'-ACTGGAATTCTTACGGCAGATCCTGAGC-3' 
Subsequent PCR products were c10ned into the pDRIVE-PCR vector (Qiagen) and 
transformants were screened by the standard blue/white selection which selects for 
disrupted LacZ activity by the c10ned PCR fragment. Plasmid preps of positive 
transformants were screened by restriction digests and confmned by DNA sequencing 
(Sheldon Biotechnology Centre). EcoRI fragments of both cdl-l and cd/-2 were 
individually subc10ned into the xylose inducible plasmid pUJ142 (11) and confirmed by 
restriction digestion. These plasmids were subsequently mobilized in Caulobacter 
NA 1000 cells by conjugation with the E. coli strain S 17 -1 (12). 
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In silico Analysis 
Sequence alignments of Cdl-1 and Cdl-2 homologs of alpha-proteobacteria species were 
originally identified through a BLAST search from TIGR using the Comprehensive 
Microbial Resource (CMR). Sequences were subsequently downloaded and re-aligned 
using the proprietary software Clone ManagelM . 
DNA Synthesis Assays 
Growing Cau/obacter cells were sampled and normalized to A660 = 0.1 and nucleotide 
incorporation rates measured. Mix 50 ~l of Cau/obacter cells in M2-glucose media with 
2x106 cpm of 32-P alpha dNTPs (GE Healthcare dCTP 5000 Cilmmol). Incubate at RT 
for one minute and remove 20 ~l and mix with 200 , . .d of 0.5 NaOH in a glass tube on 
ice. Heat tubes to 650C for 30 min to remove RNA signal. Add 2 ml 20% trichloroacetic 
acid (TCA) and incubate on ice for 30 min. Collect precipitated material on glass fiber 
filters (Fisher Scientific) and wash tubes with excess 5% TCA. Wash filters with 95% 
ethanol, air dry and determined activity by scintillation counting. 
Microscopy 
During DNA synthesis reactions, growing cells were monitored by microscopy. 10 ~l of 
cells were spotted onto glass slides (Fisher Scientific) and digitally photographed 
(magnification = 100X oïl emersion) using a standard USB mounted digital camera and 
Zeiss phase contrast microscope. Captured images were edited using Adobe Photoshop 
software. 
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RESULTS 
The Caulobacter Genome has two DnaA-like Genes 
Recent work in Escherichia coli has identified Hda, a homo log of DnaA in Escherichia 
coli, as an apparent negative regulator of DnaA. Hda function is coordinated with the 
heta clamp of DNA polymerase III (8). Hdalbeta-clamp inhibits the initiation of 
chromosome replication by stimulating the intrinsic nucleotide exchange activity of 
DnaA (7). We have also identified an Hda homologue (cdl-l) in the Caulobacter 
genome including a novel DnaA-like gene, cdl-2. Both Caulobacter dnaA-like genes 
have distinct homologies to the dnaA gene (Figure 1). The first, cdl1, is homologous to 
the ATPase domain of DnaA and we propose has similar functions to Hda in E. coli. The 
second gene identified, cdl2, is homologous to the DNA binding domain of DnaA and 
whose function is only speculative (see Discussion). Homologues ofCdl-1 are numerous 
and widely conserved (Table 2). Alignment of Hda homologues from other bacteria 
show that the Walker A motif (ATP binding domain) is highly conserved (Figure 2A). 
However, the Walker B motif (ATP hydrolysis domain) does not appear to be conserved 
among the alpha-proteobacteria (Caulobacter to Maricaulis inclusive). A second 
domain is also present and is an important feature of AAA + ATPases. This domain 
includes the nucleotide interacting motifs Sensor 1 and II (13) that coordinate Walker B 
hydrolysis of ATP (14). The Box VII motif, which plays a role in Hda dimerization (15) 
and DnaA-ATP hydrolysis is also highly conserved. 
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Surprisingly, Cdl-2 homologues are restricted to the alpha-proteobacteria c1ass (Figure 
2B). The most conspicuous feature of this protein is the conservation of the DNA-
binding domain that shares sequence homology with the DNA-binding domain of DnaA. 
Cell Growth and Morphology 
To address the role of Cdl-1 and Cdl-2, both genes were PCR amplified from genomic 
Caulobacter DNA and sub-cloned into the xylose-inducible pUJ142 vector (11). Wild-
type Caulobacter cells (vector control) and a xylose-inducible CtrA mutant 
(CtrAD51E~3) that blocks chromosome replication (16) were used to compare the 
growth rates, morphology and DNA synthesis of Cdl-1 and Cdl-2 overexpressing cells. 
In Figure 3A, Cdl-1- and Cdl-2-expressing cells continue to grow exponentially however 
the cells become increasingly filamentous and non-motile (Figure 4: Xylose-3h). After 
14 hours of growth in xylose, Cdl-2 cells show an outgrowth of cells with WT 
morphology (Figure 4). This observation suggested a loss of Cdl-2 expression because 
plasmids recovered from 14 hour Cdl-2 cells failed to induce a filamentous phenotype 
when reintroduced in WT Caulobacter (data not shown). 
DNA Synthesis 
The filamentous phenotype of Cdl-l and Cdl-2-expressing cells implies a defect in cell 
division. Because DNA replication is a major checkpoint controlling cell division in 
Caulobacter, DNA synthesis of Cdl-l and Cdl-2 overexpressing cells was investigated 
(Figure 3B). Upon induction with xylose, all cells show the anticipated lag in DNA 
synthesis because of the change in carbon source (glucose ---+ xylose). DNA synthesis 
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continues to decline for CtrAD51EA3-expressing cells and is consistent with the lethality 
of this protein in cells. In glucose minimal media, prior to xylose induction, DNA 
synthesis in both Cdl-1 and Cdl-2 expressing cells is low and suggests precise levels of 
the se proteins are required. Upon induction with xylose, a further reduction in DNA 
synthesis was observed. 
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DISCUSSION 
Checkpoint control in Caulobacter drives cell cycle progression and cell division (17). A 
number of mechanisms are essential for regulating DNA replication in Caulobacter. Of 
primary focus is CtrA, that represses chromosome replication in swarmer cells (18). 
However in stalk cells, the degradation of CtrA protein and the loss of binding at Cori 
(Chapter 3) suggest CtrA is not available to suppress chromosome replication in stalk 
cells. The identification of RIDA homologues in Caulobacter suggests this mechanism 
functions to prevent re-replication in Caulobacter. In E. coli, regulatory redundancy 
ensures that DnaA activity is properly coordinated (19). The apparent absence of 
regulatory redundancy in Caulobacter (i.e. sequestration and titration) supports a role for 
RIDA. 
The work presented here highlights the discovery of a new class of adaptor proteins in 
Caulobacter that have strong similarity with specifie domains of the DnaA protein. Cdl-
1 is homologous with the ATPase domain of Caulobacter DnaA including many of the 
regulatory sequences found among AAA+ super-family members. The proposed 
mechanism of RIDA in E. coli involves the formation of Hda homodimers through a 
conserved arginine residue (Box VII domain) (15). The conservation of Box VII in 
Hda's from other bacterial species (Figure 2A) suggests Cdl-l dimerization may function 
in Caulobacter. Overexpression of Cdl-l in cells suppresses DNA synthesis (Figure 3B) 
and causes distinct morphologies (Figure 4). These data support the proposed role of 
Cdl-l as a repressor and the functional existence of RIDA in Caulobacter. 
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The homology of Cdl-2 to the DNA-binding domain of Caulobacter DnaA suggests that 
Cdl-2 may bind DNA (e.g. DnaA boxes). Our lab has begun to test whether Cdl-2 binds 
to a single DnaA box in the Caulobacter origin of replication (Cori). DNase 1 
footprinting assays, using Cori and purified OST -Cdl-2, have not conclusively 
demonstrated that Cdl-2 binds DNA in vitro (data not shown). The restriction of cdl-2 
homologues to alpha-proteobacteria species was unexpected and suggests Cdl-2 may 
function as part of a modified RIDA or a novel regulatory mechanism. Similar to Cdl-l, 
Cdl-2 overexpression alters cell morphology and suppresses DNA synthesis. 
Future studies are needed to understand the essential nature of cdl-l and cdl-2 and 
forthcoming gene knockouts will address this important question. If Cdl-l or Cdl-2 
directly regulate DnaA activity, experiments designed to measure the ratio of DnaA-ATP 
to DnaA-ADP can be developed (7). The Caulobacter Cell Cycle Microarray Project 
(see http://caulobacter.stanford.edu/CellCycle/) shows that Cdl-l and Cdl-2 mRNAs 
appear to be down-regulated following the swarmer to stalk transition. These data 
suggest both proteins are available in stalk cells when chromosome replication 
commences. Further work on the cell cycle availability of these proteins should reveal 
how RIDA is regulated in Caulobacter. Perhaps the most novel feature of DnaA 
regulation in Caulobacter is its periodic proteolysis (20). How RIDA is coordinated with 
DnaA proteolysis is of considerable interest and we anticipate will provide new insights 
into how negative regulation of DnaA and chromosome replication are achieved in 
Caulobacter. 
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FIGURES AND TABLES 
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Table 2: Cdl-l and Cdl-2 homologues in other bacterial species. 
Cdl-l Homologues Cdl-2 Homologues 
Escherichia coli Agrobacterium tumefaciens 
Salmonella typhimurium Brucella abortus 
Shigella flexneri Mesorhizobium loti 
Yersinia pestis Maricaulis maris 
Erwinia carotovora Xanthobacter autotrophicus 
Azotobacter vinelandii 
Haemophilus injluenzae 
Pseudomonas aeruginosa 
Actinobacillus pleuropneumoniae 
Legionella pneumophila 
Agrobacterium tumefaciens 
Brucella abortus 
Mesorhizobium loti 
Maricaulis maris 
Xanthobacter autotrophicus 
Sinorhizobium meliloti 
Rhodobacterales sphaeroides 
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Figure 1. Hom%gy of DnaA-like genes. E. coli DnaA is comprised of four domains. 
The oligomerization, DnaB binding, ATPase, and DNA binding domains are shown (21). 
The homology of E. coli and C. crescentus with DnaA is illustrated. Aiso shown is the 
homology between Cdl-l (Hda: CCI711) and Cdl2 (CC1058) with the Cau/obacter 
DnaA and shows Cdl-l is homologous to the ATPase domain of Cau/obacter DnaA and 
Cdl-2 shares homology with the DNA binding domain of Cau/obacter DnaA. 
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DnaA-like Genes in Caulobacter crescentus 
E. coliHda 
E. coli DnaA 
domains 
c. crescentus 
DnaA 
C. crescentus 
CdII (DnaA -like ) 
C. crescentus 
CdI2 (DnaA -like ) 
1 H ~ 
NJ le 1 
N-r········ t-c 
Figure 2. Cdl-l (Rda) and Cdl-2 homologues /rom other bacteria. A) Sequence 
alignments of Cdl-l protein homologues from other bacteria.. The alignments reveal two 
major sub-domains. The first comprises the Walker A (A) and Walker B (B) motifs that 
are involved in nuc1eotide binding and hydrolysis respectively (22). The second sub 
domain inc1udes Sensor 1 (1), Sensor II (II), and Box VII (VII) that represent conserved 
sequence elements found among AAA+ family members (23). B) Alignment of Cdl-2 
homologues. Cdl-2 is restricted to the alpha-proteobacteria group, sharing strong 
homology with the Domain IV DNA-binding domain (DBD) ofDnaA (21). The sc ale on 
the bottom of each panel indicates the number of amino acids. 
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Figure 3. Over-expression ofDnaA-like genes Cdl-l and Cdl-2 on growth rate and DNA 
synthesis in Caulobacter. Cells were grown exponentially at 30°C in minimal media in 
glucose (0.1%) and compares the growth and DNA synthe sis rates of WT, CdIt, Cd12, 
and CtrA D51E~3-expressing cells before and after induction with 0.1% xylose. A) Cell 
growth at A660. B) DNA synthesis, plotted as incorporation of p32 alpha-dCTP/A66o vs. 
time in culture. 
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Figure 4. Overexpression of Cdl-l and Cdl-2 induce growth defects in Caulobacter. 
Exponentially growing WT, Cdl-1 and Cdl-2-expressing cells were transferred to 
minimal media with 0.1 % xylose and grown at 30°C. Cells were harvested at 3 and 14 
hours post induction and digitally photographed under phase contrast (magnification: 
100X oil immersion). 
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CHAPTER V: THESIS SUMMARY 
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The introduction to this thesis promotes the utility of Caulobacter crescentus in our 
understanding and investigation of DNA replication because it provides an accessible 
genetic system for the study of how chromosome replication is coupled to an organism' s 
cell growth and development. The homologous features of DNA replication among all 
living organisms studied, allows us to draw important parallels between Caulobacter 
replication and that of higher organisms. We understand that unregulated DNA 
replication leads to loss of viability both at the cellular level and at the organismal level. 
For instance, in humans, defects in the replication cycle can lead to serious and often 
debilitating neurological disorders (1) and cancer (2). 
Thematically, this thesis draws similarities and differences between prokaryotic and 
eukaryotic DNA replication but also between regulatory mechanisms used in different 
bacterial systems. In E. coli, similar to Caulobacter, chromosome replication is 
controlled by the DnaA protein. However, in E. coli, initiation of chromosome 
replication can occur more than once per cell cycle. Functional homology between E. 
coli and Caulobacter suggests nature has conserved the framework for DNA replication 
but the regulatory mechanisms controlling this process are as varied as the organisms 
themselves. Why this difference exists between Caulobacter and E. coli perhaps derives 
from the environmental conditions that each organism lives in. Caulobacter is 
conditioned to growth in dilute aquatic environments where a single cell cycle may take 
as long as eight hours (compared to two hours in the warm comfort of our laboratory) and 
are reminiscent of cells in stationary phase. Under the microscope, these 'wild' 
Caulobacter populations are primarily found as non-replicating stalk cells, surprisingly, 
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the same ceIl type that is competent for replication. We might argue, based on studies 
done with stationary phase cells (data not shown), that in these quiescent cells, CtrA is 
abundant and bound to the origin of replication. Consequently, the DnaA protein 
(initiator) is not present in these cells due to regulated proteolysis (3). Therefore, under 
conditions of limited nutrient availability, the presence of CtrA and the absence of DnaA 
reinforces the restriction of chromosome replication (life is tough model). On the other 
hand, E. coli cycles between aquatic/terrestrial environments and the GI tracts of 
numerous organisms. Under these conditions nutrient availability in the E. coli micro-
environment changes dramatically (life is a rollercoaster model). In E. coli all regulatory 
inputs elucidated control the activity of DnaA (4). AIl three of these mechanisms are not 
stable and the influence of any of these signals on DNA replication rapidly decays. For 
instance, sequestration only lasts approximately eight minutes in growing cells (5) 
presumably because remethylation and the action of chromosome segregation disrupt this 
activity. Titration is a property of the chromosome (6) and is itselftitrated when the two 
chromosomes are compartmentalized following cell division. The fmal mechanism, 
RIDA appears to function only at the initiation to elongation step by converting DnaA-
ATP to the inactivated DnaA-ADP form. Unlike Caulobacter, E. coli does not 
proteolyze DnaA or express a CtrA homolog. Therefore, the mechanism of 
reinforcement is not available. As well, the transient nature of these regulatory 
mechanisms in E. coli suggests initiation of chromosome replication is not suppressed per 
se but only delayed. Such a mechanism makes sense for an organism that must establish 
rapid cell growth in highly competitive environments. From a global perspective 
Cau/obacter uses a tightly regulated mechanism (CtrA turnover and DnaA 
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replenishment) in response to the slow nutrient fluctuations found in its native 
environment. However, in E. coli the nutrient concentrations can rapidly fluctuate and 
the selective advantage is given to those organisms that can grow rapidly and divide. For 
E. coli this means an ability to initiate chromosome replication more than once per cell 
cycle. 
The recent Saragossa Sea genome sequencing project reveals that Cau/obacter and its 
living descendents may represent the most abundant genetic group on Earth. This implies 
that Cau/obacter-like regulation of chromosome replication is a preferred mechanism. 
Interestingly, in higher eukaryotes, the period between subsequent replication initiation 
events can extend from days to months. Therefore, our understanding DNA replication 
in Cau/obacter opens a door to understanding chromosome replication in higher 
eukaryotic whose regulatory framework might descend from this primordial and 
important experimental organism. 
This thesis demonstrates for the first time that CtrA phosphorylation does not stimulate 
binding to a new class of promoters Prior transcription models have suggested that 
phosphorylation increases the affinity of response regulators for target DNA sequences. 
This model further suggests that promoter occupancy, stabilized by phosphorylation, is 
the minimal signal required for mRNA transcription. This work shows that constitutive 
in vivo occupancy of the ctrA promoters by the non-proteolyzable mutant, CtrM3, did 
not alter the cell cycle pattern of ctr A gene transcription. These results support a revised 
model of CtrA-regulated transcription and suggest an allosteric model of transcriptional 
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is utilized. Allosteric regulation implies a role of protein-protein contacts and future 
work should define the functional unit of CtrA and whether CtrA can bind DNA as a 
dimer, tetramer, or higher order oligomer. The cirA promoters are not unique among 
CtrA-regulated genes having unusual CtrA binding sites and further analysis of other 
promoters such as the flagellar genes motB andfliX (only a single TTAA half site) may 
reveal new members to this class of promoters. 
Chapter 3 provides convincing evidence that CtrA interacts with Cori in vivo and that 
CtrA does not occupy Cori in stalk cells when chromosome replication commences. This 
chapter also demonstrates, for the first time, that a chaperone (ClpX) can be recruited to a 
chromosome replication origin. Future work should confirm the role of ClpX in the 
release of CtrA from Cori. Dnase 1 footprints of Cori using purified CtrA and ClpX may 
address how ClpX modulates CtrA binding to Cori. CtrA-mediated recruitment of ClpX 
suggest ClpX may contact other proteins in the replication origin, such as DnaA. Further 
work along these lines may reveal the steps necessary to de-repress chromosome 
replication in stalk cells. 
The identification of cd!-1 and cd!-2 proposes that a RIDA-like mechanism functions in 
Cau!obacter. The most important experiments for this project are in-frame deletions of 
both cd!-1 and cd!-2 to ascertain whether these genes are essential in Caulobacter. 
Conditional strains should also be constructed which allow for selective down regulation 
of these genes individually or together to assess the impact on chromosome replication .. 
The DNA binding domain homologue, Cdl-2, should also be investigated for possible 
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DNA binding activity. A GST-Cdl-2 fusion protein has recently been tested in Dnase 1 
footprints of Cori but did not demonstrate binding. These experiments should be 
repeated with purified Cdl-2 without the GST fusion protein. It is also possible to 
address DnaA-ATP/ADP exchange and it would be interesting to determine whether Cdl-
1, Cdl-2, or both influence DnaA ATPase activity in vitro. 
Taken together, the data suggest the following simple model for Cau/obacter replication. 
CtrA utilizes aIlosteric properties to control gene transcription and suggests these 
properties may be utilized to communicate with proteins, such as ClpX, at the replication 
origin. During the swarmer to stalk transition, ClpX enters the replication origin and 
mediates the release of CtrA from Cori. Immediately following the commencement of 
chromosome replication, CtrA is not available to bind Cori and a second mechanism, 
RIDA, may provide the necessary signaIs to deactivate DnaA and prevent re-initiation. 1 
hope that future research in our lab continues to work towards elucidating the steps 
necessary for the derepression of chromosome repli cation in stalk cells as well as to gain 
a betier understanding of how chromosome replication is limited to once and only once 
achieved in Cau/obacter and other organisms. 
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APPENDIX A: RESEARCH COMPLIANCE CERTIFICATES 
1. APPLICATION TO USE BIOHAZARDOUS 
MATERIALS 
2. INTERNAL RADIOISOTOPE PERMIT 
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